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Preface

Risk assessment has become a dominant public-policy tool for informing risk manag-
ers and the public about the different policy options for protecting public health and the
environment. Risk assessment has been instrumental in fulfilling the missions of the U.S.
Environmental Protection Agency (EPA) and other federal and state agencies in evaluating
public-health concerns, informing regulatory and technologic decisions, setting priorities for
research and funding, and developing approaches for cost-benefit analyses.

However, risk assessment is at a crossroads. Despite advances in the field, it faces a num-
ber of substantial challenges, including long delays in completing complex risk assessments,
some of which take decades to complete; lack of data, which leads to important uncertainty
in risk assessments; and the need for risk assessment of many unevaluated chemicals in the
marketplace and emerging agents. To address those challenges, EPA asked the National Acad-
emies to develop recommendations for improving the agency’s risk-analysis approaches.

In this report, the Committee on Improving Risk Analysis Approaches Used by the U.S.
EPA conducts a scientific and technical review of EPA’s current risk-analysis concepts and
practices and offers recommendations for practical improvements that EPA could make in
the near term (2-5 y) and in the longer term (10-20 y). The committee focused on human
health risk assessment but considered the implications of its conclusions and recommenda-
tions for ecologic risk assessment.

This report has been reviewed in draft form by persons chosen for their diverse per-
spectives and technical expertise in accordance with procedures approved by the National
Research Council’s Report Review Committee. The purpose of this independent review is to
provide candid and critical comments that will assist the institution in making its published
report as sound as possible and to ensure that the report meets institutional standards of
objectivity, evidence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the deliberative process. We
wish to thank the following for their review of this report: Lawrence W. Barnthouse, LWB
Environmental Services, Inc.; Roger G. Bea, University of California, Berkeley; Allison C.
Cullen, University of Washington; William H. Farland, Colorado State University; J. Paul

x
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X PREFACE

Gilman, Convanta Energy Corporation; Bernard D. Goldstein, University of Pittsburgh;
Lynn R. Goldman, Johns Hopkins University; Dale B. Hattis, Clark University; Carol J.
Henry, American Chemistry Council (retired); Daniel Krewski, University of Ottawa; Amy
D. Kyle, University of California, Berkeley; Ronald L. Melnick, National Institute of En-
vironmental Health Sciences; Gilbert S. Omenn, University of Michigan Medical School;
Louise Ryan, Harvard School of Public Health; and Detlof von Winterfeldt, University of
Southern California.

Although the reviewers listed above have provided many constructive comments and
suggestions, they were not asked to endorse the conclusions or recommendations, nor did
they see the final draft of the report before its release. The review of the report was overseen
by the review coordinator, William Glaze, Georgetown, TX and the review monitor, John
Ahearne, Sigma Xi. Appointed by the National Research Council, they were responsible
for making certain that an independent examination of the report was carried out in accor-
dance with institutional procedures and that all review comments were carefully considered.
Responsibility for the final content of the report rests entirely with the committee and the
institution.

The committee gratefully acknowledges the following for making presentations to
the committee: Nicholas Ashford, Massachusetts Institute of Technology; Robert Brenner,
Michael Callahan, George Gray, Jim Jones, Tina Levine, Robert Kavlock, Al McGartland,
Peter Preuss, Michael Shapiro, Glenn Suter, and Harold Zenick, EPA; Douglas Crawford-
Brown, University of North Carolina; Kenny Crump, ENVIRON International Corporation;
Robert Donkers, Delegation of the European Commission to the United States; William
Farland, Colorado State University; James A. Fava, Five Winds International; Penny Fenner-
Crisp, International Life Sciences Institute Research Foundation; Dale Hattis, Clark Univer-
sity; Amy D. Kyle, University of California, Berkeley; Rebecca Parkin, George Washington
University; Chris Portier, National Institute of Environmental Health Sciences; Lorenz
Rhomberg, Gradient Corporation; Jennifer Sass, Natural Resources Defense Council; Jay
Silkworth, General Electric Company; and Thomas Sinks, Centers for Disease Control and
Prevention.

The committee is thankful for the useful input of Roger Cooke, Resources for the Future
and Dorothy Patton, Environmental Protection Agency (retired) in the early deliberations of
this study. The committee is also grateful for the assistance of the National Research Council
staff in preparing this report. Staff members who contributed to this effort are Eileen Abt,
project director; James Reisa, director of the Board on Environmental Studies and Toxicol-
ogy; Jennifer Saunders, associate program officer; Norman Grossblatt and Ruth Crossgrove,
senior editors; Mirsada Karalic-Loncarevic, manager of the Technical Information Center;
Radiah Rose, editorial projects manager; and Morgan Motto and Panola Golson, senior
program assistants.

I would especially like to thank the committee members for their efforts throughout the
development of this report.

Thomas Burke, Chair
Committee on Improving Risk Analysis Approaches
Used by the U.S. EPA
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Summary

Virtually every aspect of life involves risk. How we deal with risk depends largely on how
well we understand it. The process of risk assessment has been used to help us understand
and address a wide variety of hazards and has been instrumental to the U.S. Environmental
Protection Agency (EPA), other federal and state agencies, industry, the academic community,
and others in evaluating public-health and environmental concerns. From protecting air and
water to ensuring the safety of food, drugs, and consumer products such as toys, risk assess-
ment is an important public-policy tool for informing regulatory and technologic decisions,
setting priorities among research needs, and developing approaches for considering the costs
and benefits of regulatory policies.

Risk assessment, however, is at a crossroads, and its credibility is being challenged (Sil-
bergeld 1993; Montague 2004; Michaels 2008).! Because it provides a primary scientific
rationale for informing regulations that will have national and global impact, risk assessment
is subject to considerable scientific, political, and public scrutiny. The science of risk assess-
ment is increasingly complex; improved analytic techniques have produced more data that
lead to questions about how to address issues of, for example, multiple chemical exposures,
multiple risks, and susceptibility in populations. In addition, risk assessment is now being
extended to address broader environmental questions, such as life-cycle analysis and issues
of costs, benefits, and risk-risk tradeoffs.

The regulatory risk assessment process is bogged down; major risk assessments for some
chemicals take more than 10 years. In the case of trichloroethylene, which has been linked to
cancer, the assessment has been under development since the 1980s, has undergone multiple
independent reviews, and is not expected to be final until 2010. Assessments of formalde-
hyde and dioxin have had similar timelines. EPA is struggling to keep up with demands for

ISilbergeld, E.K. 1993. Risk assessment: The perspective and experience of U.S. environmentalists. Environ.
Health Perspect. 101(2):100-104; Montague, P. 2004. Reducing the harms associated with risk assessment. Environ.
Impact Assess. Rev. 24:733-748; Michaels, D. 2008. Doubt Is Their Product: How Industry’s Assault on Science
Threatens Your Health. New York: Oxford University Press.
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hazard and dose-response information but is challenged by a lack of resources, including
funding and trained staff.

Decision-making based on risk assessment is also bogged down. Uncertainty, an inherent
property of scientific data, continues to lead to multiple interpretations and contribute to
decision-making gridlock. Stakeholders—including community groups, environmental orga-
nizations, industry, and consumers—are often disengaged from the risk-assessment process at
a time when risk assessment is increasingly intertwined with societal concerns. Disconnects
between the available scientific data and the information needs of decision-makers hinder
the use of risk assessment as a decision-making tool.

Emerging scientific advances hold great promise for improving risk assessment. For
example, new toxicity-testing methods are being developed that will probably be quicker,
less expensive, and more directly relevant to human exposures, as described in the National
Research Council’s Toxicity Testing in the 21st Century: A Vision and a Strategy (2007).
However, the realization of the promise is at least a decade away.

To address current challenges, EPA asked the National Research Council to perform an
independent study on improving risk-analysis approaches, one of a number of studies by
the National Research Council that have examined risk assessment in EPA. Specifically, the
committee selected by the National Research Council was charged to identify practical im-
provements that EPA could make in the near term (2-5 years) and in the longer term (10-20
years). The committee focused primarily on human health risk assessment but also considered
the implications of its conclusions and recommendations for ecologic risk assessment. The
committee conducted its data gathering for this study between fall 2006 and winter 2008,
so materials published after this were not considered in the committee’s evaluation.

COMMITTEE’S EVALUATION

The committee focused on two broad elements in its evaluation: (1) improving the tech-
nical analysis that supports risk assessment (addressed in Chapters 4-7) and (2) improving
the wutility of risk assessment (addressed in Chapters 3 and 8). Improving technical analysis
entails the development and use of scientific knowledge and information to promote more
accurate characterizations of risk. Improving utility entails making risk assessment more
relevant to and useful for risk-management decisions.

Regarding improvement in technical analysis, the committee considered such issues as
how to improve uncertainty and variability analysis and dose-response assessment to ensure
the best use of scientific data, and it concluded that technical improvements are necessary.
The committee concluded that EPA’s overall concept of risk assessment, which is generally
based on the National Research Council’s Risk Assessment in the Federal Government: Man-
aging the Process (1983), also known as the Red Book, should be retained. The four steps
of risk assessment (hazard identification, dose-response assessment, exposure assessment,
and risk characterization) have been adopted by numerous expert committees, regulatory
agencies, public-health institutions, and others.

With respect to improving utility, the committee considered such issues as how risk-
related problems are identified and formulated before the development of risk assessments
and how a broad set of options might be considered to ensure that risk assessments are most
relevant to the problems.

CONCLUSIONS AND RECOMMENDATIONS

A number of improvements are needed to streamline EPA’s risk-assessment process to
ensure that risk assessments make better use of appropriate available science and are more
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relevant to decision-making. Implementing improvements will require building on EPA’s
current practices and developing a long-term strategy that includes greater coordination
and communication within the agency, training and building a workforce with the requisite
expertise, and a commitment by EPA, the executive branch, and Congress to implement
the framework for risk-based decision-making recommended in this report and to fund the
needed improvements.

The committee recommends an important extension of the Red Book model to meet
today’s challenges better—that risk assessment should be viewed as a method for evaluating
the relative merits of various options for managing risk rather than as an end in itself. Risk
assessment should continue to capture and accurately describe what various research findings
do and do not tell us about threats to human health and to the environment, but only after
the risk-management questions that risk assessment should address have been clearly posed,
through careful evaluation of the options available to manage the environmental problems
at hand, similar to what is done in ecologic risk assessment. That alteration in the current
approach to risk assessment has the potential to increase its influence on decisions because
it requires greater up-front planning to ensure that it is relevant to the specific problems
being addressed and that it will cast light on a wider range of decision options than has
traditionally been the case.

A second recommended shift in thinking is seen in the technical recommendations in
this report that call for improvements in uncertainty and variability analysis and for a uni-
fied approach to dose-response assessment that will result in risk estimates for both cancer
and noncancer end points. Just as a risk assessment itself should be more closely tied to the
questions to be answered, so should the technical analyses supporting it. For example, de-
scriptions of the uncertainty and variability inherent in all risk assessments may be complex
or relatively simple; the level of detail in the descriptions should align with what is needed
to inform risk-management decisions. Similarly, the results of a dose-response assessment
should be relevant to the problem being addressed, whether it is informing risk-risk tradeoffs
or a cost-benefit analysis. Ensuring that the technical analyses supporting a risk assessment
are supported by the science and are relevant to the problem being addressed will go a long
way toward improving the value, timeliness, and credibility of the assessment.

The committee’s most important conclusions and recommendations are summarized
below. The committee believes that implementation of its recommendations will do much
to enhance the credibility and usefulness of risk assessment.

Design of Risk Assessment

The process of planning risk assessment and ensuring that its level and complexity are
consistent with the needs to inform decision-making can be thought of as the “design” of
risk assessment. The committee encourages EPA to focus greater attention on design in the
formative stages of risk assessment, specifically on planning and scoping and problem for-
mulation, as articulated in EPA guidance for ecologic and cumulative risk assessment (EPA
1998, 2003).2 Good design involves bringing risk managers, risk assessors, and various
stakeholders together early in the process to determine the major factors to be considered,

2EPA (U.S. Environmental Protection Agency). 1998. Guidelines for Ecological Risk Assessment. EPA/630/R-
95/002F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC; EPA (U.S. Environmen-
tal Protection Agency). 2003. Framework for Cumulative Risk Assessment. EPA/600/P-02/001F. National Center
for Environmental Assessment, Risk Assessment Forum, U.S. Environmental Protection Agency, Washington,
DC.
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the decision-making context, and the timeline and depth needed to ensure that the right
questions are being asked in the context of the assessment.

Increased emphasis on planning and scoping and on problem formulation has been
shown to lead to risk assessments that are more useful and better accepted by decision-mak-
ers (EPA 2002, 2003, 2004);3 however, incorporation of these stages in risk assessment has
been inconsistent, as noted by their absence from various EPA guidance documents (EPA
2005a,b).* An important element of planning and scoping is definition of a clear set of op-
tions for consideration in decision-making where appropriate. This should be reinforced by
the up-front involvement of decision-makers, stakeholders, and risk assessors, who together
can evaluate whether the design of the assessment will address the identified problems.

Recommendation: Increased attention to the design of risk assessment in its formative
stages is needed. The committee recommends that planning and scoping and problem
formulation, as articulated in EPA guidance documents (EPA 1998, 2003),% should be
formalized and implemented in EPA risk assessments.

Uncertainty and Variability

Addressing uncertainty and variability is critical for the risk-assessment process. Un-
certainty stems from lack of knowledge, so it can be characterized and managed but not
eliminated. Uncertainty can be reduced by the use of more or better data. Variability is an
inherent characteristic of a population, inasmuch as people vary substantially in their ex-
posures and their susceptibility to potentially harmful effects of the exposures. Variability
cannot be reduced, but it can be better characterized with improved information.

There have been substantial differences among EPA’s approaches to and guidance for
addressing uncertainty in exposure and dose-response assessment. EPA does not have a con-
sistent approach to determine the level of sophistication or the extent of uncertainty analysis
needed to address a particular problem. The level of detail for characterizing uncertainty
is appropriate only to the extent that it is needed to inform specific risk-management deci-
sions appropriately. It is important to address the required extent and nature of uncertainty
analysis in the planning and scoping phases of a risk assessment. Inconsistency in the treat-
ment of uncertainty among components of a risk assessment can make the communication
of overall uncertainty difficult and sometimes misleading.

Variability in human susceptibility has not received sufficient or consistent attention in
many EPA health risk assessments although there are encouraging exceptions, such as those
for lead, ozone, and sulfur oxides. For example, although EPA’s 2005 Guidelines for Car-
cinogen Risk Assessment acknowledges that susceptibility can depend on one’s stage in life,

3EPA (U.S. Environmental Protection Agency). 2002. A Review of the Reference Dose and Reference Concentra-
tion Processes. EPA/630/P-02/002F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington,
DC; EPA (U.S. Environmental Protection Agency). 2003. Framework for Cumulative Risk Assessment. EPA/600/P-
02/001F. National Center for Environmental Assessment, Risk Assessment Forum, U.S. Environmental Protection
Agency, Washington, DC; EPA (U.S. Environmental Protection Agency). 2004. Risk Assessment Principles and
Practices. Staff Paper. EPA/100/B-04/001. Office of the Science Advisor, U.S. Environmental Protection Agency,
Washington, DC.

4EPA (U.S. Environmental Protection Agency). 2005a. Guidelines for Carcinogen Risk Assessment. EPA/630/P-
03/001F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC; EPA (U.S. Environ-
mental Protection Agency). 2005b. Supplemental Guidance for Assessing Susceptibility for Early-Life Exposures
to Carcinogens. EPA/630/R-03/003F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington,
DC.
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greater attention to susceptibility in practice is needed, particularly for specific population
groups that may have greater susceptibility because of their age, ethnicity, or socioeconomic
status. The committee encourages EPA to move toward the long-term goal of quantifying
population variability more explicitly in exposure assessment and dose-response relation-
ships. An example of progress that moves toward this goal is EPA’s draft risk assessment of
trichloroethylene (EPA 2001; NRC 2006),> which considers how differences in metabolism,
disease, and other factors contribute to human variability in response to exposures.

Recommendation: EPA should encourage risk assessments to characterize and commu-
nicate uncertainty and variability in all key computational steps of risk assessment—for
example, exposure assessment and dose-response assessment. Uncertainty and variability
analysis should be planned and managed to reflect the needs for comparative evaluation
of the risk management options. In the short term, EPA should adopt a “tiered” approach
for selecting the level of detail to be used in the uncertainty and variability assessments,
and this should be made explicit in the planning stage. To facilitate the characterization
and interpretation of uncertainty and variability in risk assessments, EPA should develop
guidance to determine the appropriate level of detail needed in uncertainty and variability
analyses to support decision-making and should provide clear definitions and methods
for identifying and addressing different sources of uncertainty and variability.

Selection and Use of Defaults

Uncertainty is inherent in all stages of risk assessment, and EPA typically relies on as-
sumptions when chemical-specific data are not available. The 1983 Red Book recommended
the development of guidelines to justify and select from among the available inference op-
tions, the assumptions—now called defaults—to be used in agency risk assessments to ensure
consistency and avoid manipulations in the risk-assessment process. The committee acknowl-
edges EPA’s efforts to examine scientific data related to defaults (EPA 1992, 2004, 2005a),°
but recognizes that changes are needed to improve the agency’s use of them. Much of the
scientific controversy and delay in completion of some risk assessments has stemmed from
the long debates regarding the adequacy of the data to support a default or an alternative
approach. The committee concludes that established defaults need to be maintained for the
steps in risk assessment that require inferences and that clear criteria should be available for
judging whether, in specific cases, data are adequate for direct use or to support an inference
in place of a default. EPA, for the most part, has not yet published clear, general guidance
on what level of evidence is needed to justify use of agent-specific data and not resort to a
default. There are also a number of defaults (missing or implicit defaults) that are engrained
in EPA risk-assessment practice but are absent from its risk-assessment guidelines. For ex-

SEPA (U.S. Environmental Protection Agency). 2001. Trichloroethylene Health Risk Assessment: Synthesis and
Characterization. External Review Draft. EPA/600/P-01/002A. Office of Research and Development, Washington,
DC. August 2001 [online]. Available: http://rais.ornl.gov/tox/TCEAUG2001.PDF [accessed Aug. 2, 2008]; NRC
(National Research Council). 2006. Assessing the Human Risks of Trichloroethylene. Washington, DC: The Na-
tional Academies Press.

SEPA (U.S. Environmental Protection Agency). 1992. Guidelines for Exposure Assessment. EPA/600/Z-92/001.
Risk Assessment Forum, Office of Research and Development, U.S. Environmental Protection Agency, Washington,
DC; EPA (U.S. Environmental Protection Agency). 2004. Risk Assessment Principles and Practices. Staff Paper.
EPA/100/B-04/001. Office of the Science Advisor, U.S. Environmental Protection Agency, Washington, DC; EPA
(U.S. Environmental Protection Agency). 2005a. Guidelines for Carcinogen Risk Assessment. EPA/630/P-03/001F.
Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC.
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ample, chemicals that have not been examined sufficiently in epidemiologic or toxicologic
studies are often insufficiently considered in or are even excluded from risk assessments;
because no description of their risks is included in the risk characterization, they carry no
weight in decision-making. That occurs in Superfund-site and other risk assessments, in
which a relatively short list of chemicals on which there are epidemiologic and toxicologic
data tends to drive the exposure and risk assessments.

Recommendation: EPA should continue and expand use of the best, most current science
to support and revise default assumptions. EPA should work toward the development
of explicitly stated defaults to take the place of implicit defaults. EPA should develop
clear, general standards for the level of evidence needed to justify the use of alternative
assumptions in place of defaults. In addition, EPA should describe specific criteria that
need to be addressed for the use of alternatives to each particular default assumption.
When EPA elects to depart from a default assumption, it should quantify the implications
of using an alternative assumption, including how use of the default and the selected
alternative influences the risk estimate for risk management options under consideration.
EPA needs to more clearly elucidate a policy on defaults and provide guidance on its
implementation and on evaluation of its impact on risk decisions and on efforts to protect
the environment and public health.

A Unified Approach to Dose-Response Assessment

A challenge to risk assessment is to evaluate risks in ways that are consistent among
chemicals, that account adequately for variability and uncertainty, and that provide informa-
tion that is timely, efficient, and maximally useful for risk characterization and risk manage-
ment. Historically, dose-response assessments at EPA have been conducted differently for
cancer and noncancer effects, and the methods have been criticized for not providing the
most useful results. Consequently, noncancer effects have been underemphasized, especially
in benefit-cost analyses. A consistent approach to risk assessment for cancer and noncancer
effects is scientifically feasible and needs to be implemented.

For cancer, it has generally been assumed that there is no dose threshold of effect, and
dose-response assessments have focused on quantifying risk at low doses and estimating a
population risk for a given magnitude of exposure. For noncancer effects, a dose threshold
(low-dose nonlinearity) has been assumed, below which effects are not expected to occur
or are extremely unlikely in an exposed population; that dose is a reference dose (RfD) or
a reference concentration (RfC)—it is thought “likely to be without an appreciable risk of
deleterious effects” (EPA 2002).”

EPA’s treatment of noncancer and low-dose nonlinear cancer end points is a major step
by the agency in an overall strategy to harmonize cancer and noncancer approaches to dose-
response assessment; however, the committee finds scientific and operational limitations in
the current approaches. Noncancer effects do not necessarily have a threshold, or low-dose
nonlinearity, and the mode of action of carcinogens varies. Background exposures and under-
lying disease processes contribute to population background risk and can lead to linearity at
the population doses of concern. Because the RfD and RfC do not quantify risk for different
magnitudes of exposure but rather provide a bright line between possible harm and safety,

7EPA (U.S. Environmental Protection Agency). 2002. A Review of the Reference Dose and Reference Concentra-
tion Processes. EPA/630/P-02/002F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington,
DC.
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their use in risk-risk and risk-benefit comparisons and in risk-management decision-making
is limited. Cancer risk assessments usually do not account for differences among humans in
cancer susceptibility other than possible differences in early-life susceptibility.

Scientific and risk-management considerations both support unification of cancer and
noncancer dose-response assessment approaches. The committee therefore recommends a
consistent, unified approach for dose-response modeling that includes formal, systematic
assessment of background disease processes and exposures, possible vulnerable populations,
and modes of action that may affect a chemical’s dose-response relationship in humans. That
approach redefines the RfD or RfC as a risk-specific dose that provides information on the
percentage of the population that can be expected to be above or below a defined accept-
able risk with a specific degree of confidence. The risk-specific dose will allow risk managers
to weigh alternative risk options with respect to that percentage of the population. It will
also permit a quantitative estimate of benefits for different risk-management options. For
example, a risk manager could consider various population risks associated with exposures
resulting from different control strategies for a pollution source and the benefits associated
with each strategy. The committee acknowledges the widespread applications and public-
health utility of the RfD; the redefined RfD can still be used as the RfD has been to aid
risk-management decisions.

Characteristics of the committee’s recommended unified dose-response approach include
use of a spectrum of data from human, animal, mechanistic, and other relevant studies; a
probabilistic characterization of risk; explicit consideration of human heterogeneity (includ-
ing age, sex, and health status) for both cancer and noncancer end points; characterization
(through distributions to the extent possible) of the most important uncertainties for cancer
and noncancer end points; evaluation of background exposure and susceptibility; use of
probabilistic distributions instead of uncertainty factors when possible; and characterization
of sensitive populations.

The new unified approach will require implementation and development as new chemi-
cals are assessed or old chemicals are reassessed, including the development of test cases to
demonstrate proof of concept.

Recommendation: The committee recommends that EPA implement a phased-in ap-
proach to consider chemicals under a unified dose-response assessment framework that
includes a systematic evaluation of background exposures and disease processes, possible
vulnerable populations, and modes of action that may affect human dose-response rela-
tionships. The RfD and RfC should be redefined to take into account the probability of
harm. In developing test cases, the committee recommends a flexible approach in which
different conceptual models can be applied in the unified approach.

Cumulative Risk Assessment

EPA is increasingly asked to address broader public-health and environmental-health
questions involving multiple exposures, complex mixtures, and vulnerability of exposed
populations—issues that stakeholder groups (such as communities affected by environmental
exposures) often consider to be inadequately captured by current risk assessments. There is
a need for cumulative risk assessments as defined by EPA (EPA 2003)3—assessments that

SEPA (U.S. Environmental Protection Agency). 2003. Framework for Cumulative Risk Assessment. EPA/600/P-
02/001F. National Center for Environmental Assessment, Risk Assessment Forum, U.S. Environmental Protection
Agency, Washington, DC.
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include combined risks posed by aggregate exposure to multiple agents or stressors; aggre-
gate exposure includes all routes, pathways, and sources of exposure to a given agent or
stressor. Chemical, biologic, radiologic, physical, and psychologic stressors are considered
in this definition (Callahan and Sexton 2007).°

The committee applauds the agency’s move toward the broader definition in making
risk assessment more informative and relevant to decisions and stakeholders. However, in
practice, EPA risk assessments often fall short of what is possible and is supported by agency
guidelines in this regard. Although cumulative risk assessment has been used in various con-
texts, there has been little consideration of nonchemical stressors, vulnerability, and back-
ground risk factors. Because of the complexity of considering so many factors simultaneously,
there is a need for simplified risk-assessment tools (such as databases, software packages,
and other modeling resources) that would allow screening-level risk assessments and could
allow communities and stakeholders to conduct assessments and thus increase stakeholder
participation. Cumulative human health risk assessment should draw greater insights from
ecologic risk assessment and social epidemiology, which have had to grapple with similar
issues. A recent National Research Council report on phthalates addresses issues related to
the framework within which dose-response assessment can be conducted in the context of
simultaneous exposures to multiple stressors.

Recommendation: EPA should draw on other approaches, including those from ecologic
risk assessment and social epidemiology, to incorporate interactions between chemical
and nonchemical stressors in assessments; increase the role of biomonitoring, epide-
miologic, and surveillance data in cumulative risk assessments; and develop guidelines
and methods for simpler analytical tools to support cumulative risk assessment and to
provide for greater involvement of stakeholders. In the short-term, EPA should develop
databases and default approaches to allow for incorporation of key nonchemical stress-
ors in cumulative risk assessments in the absence of population-specific data, considering
exposure patterns, contributions to relevant background processes, and interactions with
chemical stressors. In the long-term, EPA should invest in research programs related
to interactions between chemical and nonchemical stressors, including epidemiologic
investigations and physiologically based pharmacokinetic modeling.

Improving the Utility of Risk Assessment

Given the complexities of the current problems and potential decisions faced by EPA,
the committee grappled with designing a more coherent, consistent, and transparent pro-
cess that would provide risk assessments that are relevant to the problems and decisions at
hand and that would be sufficiently comprehensive to ensure that the best available options
for managing risks were considered. To that end, the committee proposes a framework for
risk-based decision-making (see Figure S-1). The framework consists of three phases: I,
enhanced problem formulation and scoping, in which the available risk-management op-
tions are identified; II, planning and assessment, in which risk-assessment tools are used to
determine risks under existing conditions and under potential risk-management options; and
I, risk management, in which risk and nonrisk information is integrated to inform choices
among options.

The framework has at its core the risk-assessment paradigm (stage 2 of phase II) estab-

9Callahan, M.A., and K. Sexton. 2007. If ‘cumulative risk assessment’ is the answer, what is the question? En-
viron. Health Perspect. 115(5):799-806.
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lished in the Red Book (NRC 1983).10 However, the framework differs from the Red Book
paradigm, primarily in its initial and final steps. The framework begins with a “signal” of
potential harm (for example, a positive bioassay or epidemiologic study, a suspicious disease
cluster, or findings of industrial contamination). Under the traditional paradigm, the ques-
tion has been, What are the probability and consequence of an adverse health (or ecologic)
effect posed by the signal? In contrast, the recommended framework asks, implicitly, What
options are there to reduce the hazards or exposures that have been identified, and how can
risk assessment be used to evaluate the merits of the various options? The latter question
focuses on the risk-management options (or interventions) designed to provide adequate
public-health and environmental protection and to ensure well-supported decision-mak-
ing. Under this framework, the questions posed arise from early and careful planning of
the types of assessments (including risks, costs, and technical feasibility) and the required
level of scientific depth that are needed to evaluate the relative merits of the options being
considered.!! Risk management involves choosing among the options after the appropriate
assessments have been undertaken and evaluated.

The framework begins with enhanced problem formulation and scoping (phase I), in
which risk-management options and the types of technical analyses, including risk assess-
ments, needed to evaluate and discriminate among the options are identified. Phase II consists
of three stages: planning, risk assessment, and confirmation of utility. Planning (stage 1) is
done to ensure that the level and complexity of risk assessment (including uncertainty and
variability analysis) are consistent with the goals of decision-making. After risk assessment
(stage 2), stage 3 evaluates whether the assessment was appropriate and whether it allows
discrimination among the risk-management options. If the assessment is determined not to
be adequate, the framework calls for a return to planning (phase II, stage 1). Otherwise,
phase III (risk management) is undertaken: the relative health or environmental benefits of the
proposed risk-management options are evaluated for the purpose of reaching a decision.

The framework systematically identifies problems and options that risk assessors should
evaluate at the earliest stages of decision-making. It expands the array of impacts assessed
beyond individual effects (for example, cancer, respiratory problems, and individual species)
to include broader questions of health status and ecosystem protection. It provides a formal
process for stakeholder involvement throughout all stages but has time constraints to en-
sure that decisions are made. It increases understanding of the strengths and limitations of
risk assessment by decision-makers at all levels, for example, by making uncertainties and
choices more transparent.

The committee is mindful of concerns about political interference in the process, and
the framework maintains the conceptual distinction between risk assessment and risk man-
agement articulated in the Red Book. It is imperative that risk assessments used to evalu-
ate risk-management options not be inappropriately influenced by the preferences of risk
managers.

With a focus on early and careful planning and problem formulation and on the options
for managing the problem, implementation of the framework can improve the utility of risk
assessment for decision-making. Although some aspects of the framework are achievable
in the short term, its full implementation will require a substantial transition period. EPA
should phase in the framework with a series of demonstration projects that apply it and

IONRC (National Research Council). 1983. Risk Assessment in the Federal Government: Managing the Process.
Washington, DC: National Academy Press.

11The committee notes that not all decisions require or are amenable to risk assessment and that in most cases
one of the options explicitly considered is “no intervention.”
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that determine the degree to which it meets the needs of the agency risk managers, how
risk-management conclusions differ as a result of its application, and the effectiveness of
measures to ensure that risk managers and policy-makers do not inappropriately influence
the scientific conduct of risk assessments.

Recommendation: To make risk assessments most useful for risk-management decisions,
the committee recommends that EPA adopt a framework for risk-based decision-mak-
ing (see Figure S-1) that embeds the Red Book risk-assessment paradigm into a process
with initial problem formulation and scoping, upfront identification of risk-management
options, and use of risk assessment to discriminate among these options.

Stakeholder Involvement

Many stakeholders believe that the current process for developing and applying risk
assessments lacks credibility and transparency. That may be partly because of failure to
involve stakeholders adequately as active participants at appropriate points in the risk-
assessment and decision-making process rather than as passive recipients of the results.
Previous National Research Council and other risk-assessment reports (for example, NRC
1996; PCCRARM 1997)12 and comments received by the committee (Callahan 2007; Kyle
2007)13 echo such concerns.

The committee agrees that greater stakeholder involvement is necessary to ensure that
the process is transparent and that risk-based decision-making proceeds effectively, efficiently,
and credibly. Stakeholder involvement needs to be an integral part of the risk-based deci-
sion-making framework, beginning with problem formulation and scoping.

Although EPA has numerous programs and guidance documents related to stakeholder
involvement, it is important that it adhere to its own guidance, particularly in the con-
text of cumulative risk assessment, in which communities often have not been adequately
involved.

Recommendation: EPA should establish a formal process for stakeholder involvement
in the framework for risk-based decision-making with time limits to ensure that deci-
sion-making schedules are met and with incentives to allow for balanced participation
of stakeholders, including impacted communities and less advantaged stakeholders.

Capacity-Building

Improving risk-assessment practice and implementing the framework for risk-based deci-
sion-making will require a long-term plan and commitment to build the requisite capacity
of information, skills, training, and other resources necessary to improve public-health and
environmental decision-making. The committee’s recommendations call for considerable
modification of EPA risk-assessment efforts (for example, implementation of the risk-based
decision-making framework, emphasis on problem formulation and scoping as a discrete

I2NRC (National Research Council). 1996. Understanding Risk: Informing Decisions in a Democratic Society.
Washington, DC: National Academy Press; PCCRARM (Presidential/Congressional Commission on Risk Assessment
and Risk Management). 1997. Framework for Environmental Health Risk Management - Final Report, Vol. 1.

BCallahan, M.A. 2007. Improving Risk Assessment: A Regional Perspective. Presentation at the Third Meeting
of Improving Risk Analysis Approaches Used by EPA, February 26, 2007, Washington, DC; Kyle, A. 2007. Com-
munity Needs for Assessment of Environmental Problems. Presentation at the Fourth Meeting of Improving Risk
Analysis Approaches Used by EPA, April 17, 2007, Washington, DC.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

14 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

stage in risk assessment, and greater stakeholder participation) and of technical aspects of
risk assessment (for example, unification of cancer and noncancer dose-response assessments,
attention to quantitative uncertainty analysis, and development of methods for cumulative
risk assessment). The recommendations are tantamount to “change-the-culture” transforma-
tions in risk assessment and decision-making in the agency.

EPA’s current institutional structure and resources may pose a challenge to implementa-
tion of the recommendations, and moving forward with them will require a commitment
to leadership, cross-program coordination and communication, and training to ensure
the requisite expertise. That will be possible only if leaders are determined to reverse the
downward trend in budgeting, staffing, and training and to making high-quality, risk-based
decision-making an agencywide goal.

Recommendation: EPA should initiate a senior-level strategic re-examination of its risk-
related structures and processes to ensure that it has the institutional capacity to imple-
ment the committee’s recommendations for improving the conduct and utility of risk
assessment for meeting the 21st century environmental challenges. EPA should develop
a capacity building plan that includes budget estimates required for implementing the
committee’s recommendations, including transitioning to and effectively implementing
the framework for risk-based decision-making.

CONCLUDING REMARKS

Global impacts are combining with the high financial and political stakes of risk manage-
ment to place unprecedented pressure on risk assessors in EPA. But risk assessment remains
essential to the agency’s mission to ensure protection of public health and the environment.
Much work is needed to improve the scientific status, utility, and public credibility of risk
assessment. The committee’s recommendations focus on designing risk assessments to en-
sure that they make the best possible use of available science, are technically accurate, and
address the appropriate risk-management options effectively to inform risk-based decision-
making. The committee hopes that the recommendations and the proposed framework for
risk-based decision-making will provide a template for the future of risk assessment in EPA
and strengthen the scientific basis, credibility, and effectiveness of future risk-management
decisions.

Copyright © National Academy of Sciences. All rights reserved.
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Introduction

In response to a request from the Environmental Protection Agency (EPA) National
Center for Environmental Assessment (NCEA), the National Research Council established
the Committee on Improving Risk Analysis Approaches Used by the EPA. The committee
was charged with developing recommendations that, if implemented, could assist the agency
in developing risk assessments! that are both consistent with current and evolving scientific
understanding and relevant to the many risk-management missions of the agency. Recom-
mendations were to focus on both short- and long-term objectives.

The importance of risk assessment to the mission of EPA—indeed to the mission of
many other federal agencies and to their state counterparts—is attested to by a long series
of major efforts by the National Academies and other expert bodies to strengthen the tech-
nical content and utility of risk assessment and to ensure its scientific integrity. As EPA has
attempted to respond to the recommendations that have resulted from the various efforts,
both the science underlying risk assessment and the decision contexts in which risk assess-
ments are used have been increasingly complex. As will be revealed later in this report, the
committee perceives that risk assessment is now at a crossroads and its value and relevance
are increasingly questioned (Silbergeld 1993; Montague 2004). Nonetheless, the commit-
tee believes strongly that risk assessment remains the most appropriate available method
for measuring the relative benefits of the many possible interventions available to improve
human health and the environment and that its absence or its inappropriate application
will result in seriously flawed decisions. The committee believes that implementation of the
recommendations set forth in this report will do much to enhance the power and usefulness
of risk assessment and will be the appropriate road forward.

TEPA’s charge to the committee used the phrase risk analysis. The latter is sometimes used synonymously with
risk assessment but sometimes used more broadly. The committee will use risk assessment to describe the process
leading to a characterization of risk. Risk as defined by NRC (2007a) can be a hazard, a probability, a consequence,
or a combination of probability and severity of consequence.

15
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BACKGROUND

Since the 1983 publication of the National Research Council’s report Risk Assessment
in the Federal Government: Managing the Process (the so-called Red Book), EPA has made
efforts to advance risk assessment with the generation of risk-assessment guidelines, the
establishment of intra-agency and cross-agency science-policy panels, and improvements in
peer-review standards for agency risk assessments. The Red Book committee demonstrated
how risk assessment could fill the gap between results emerging from the research setting
and their use in risk management. A framework for systematically carrying out the process
of risk assessment was established, and the Red Book’s risk-assessment framework remains
in place today. The Red Book also revealed how the development of what were called infer-
ence guidelines (see below) was necessary to ensure the scientific integrity of the process by
which risk assessments were conducted and of the product of that process.

Various closely related forms of the risk-assessment framework have been widely used by
international organizations and other federal agencies, including the Consumer Product Safe-
ty Commission, the Nuclear Regulatory Commission, the Food and Drug Administration,
the Occupational Safety and Health Administration, the U.S. Department of Agriculture, the
Department of Defense, and the Department of Energy. OSTP (50 Fed. Reg. 10371[1985])
adopted the Red Book framework for carcinogen analysis and provided agencies a basis for
developing the guidelines recommended by NRC (1983).

Publication of the Red Book was followed by an intensification of risk-assessment activ-
ity in EPA. EPA endorsed the Red Book in the publication, Risk Assessment and Manage-
ment: Framework for Decision Making (EPA 1984). The agency established in 1984 what
is now called the Risk Assessment Forum and in 1993 added a Science Policy Council (see
Appendix C for a timeline of selected risk-assessment activities)—evidence that the Red
Book and EPA’s efforts to advance risk assessment fell on fertile ground (Goldman 2003).
William Ruckelshaus, during his second tour as administrator of EPA (1983-1985), used the
Red Book as the basis of a main theme of his tenure: strengthening risk assessment as a tool
to inform decision-making. EPA initially focused on human health risk assessment with the
Guidelines for Carcinogen Risk Assessment (EPA 1986) and the agency’s Unfinished Busi-
ness: A Comparative Assessment of Environmental Problems (EPA 1987), which compared
the magnitude of environmental risks with EPA’s resource allocations to programs that ad-
dress them. The agency’s Science Advisory Board evaluated the latter document in another
key report, Reducing Risk: Setting Priorities and Strategies for Environmental Protection
(EPA SAB 1990), and EPA was involved in a 1992 conference that evaluated the risk-based
model for setting national priorities against several alternatives that incorporated informa-
tion about solutions, environmental justice, and other factors (Finkel and Golding 1994).

In the 1990s, the four-step approach outlined in the Red Book was adapted to ecologic
risk assessment to address evaluations in which human health is not the primary focus (EPA
2004). Ecologic risk assessors pioneered new approaches to complex risk problems by delin-
eating the need for “planning and problem formulation” to address technically challenging
assessments of ecosystems, chemical mixtures, and cumulative risk. In the planning step,
the risk managers—in consultation with risk assessors and other interested parties—frame
management goals, management options, and the scope and necessary level of complexity
for the risk assessment. Problem formulation is the phase in which the risk managers’ charge
to the assessors is converted into an actionable plan for performing the assessment (EPA
1998; Suter 2007).

Several National Research Council and other expert panels expanded on the risk-
assessment principles presented in the Red Book with the publication of reports that included
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Pesticides in the Diets of Infants and Children (NRC 1993), Science and Judgment in Risk
Assessment (NRC 1994), and Understanding Risk: Informing Decisions in a Democratic
Society (NRC 1996). In 1997, another expert panel issued its report, Presidential/Congres-
sional Commission on Risk Assessment and Risk Management (PCCRARM 1997).

EPA has also recently upgraded its standards for peer review of technical documents
with the Science Policy Council’s Peer Review Handbook (EPA 2000) and guidance (EPA
2002) to conform with the Office of Management and Budget’s Final Information Quality
Bulletin for Peer Review (OMB 2004).

CHALLENGES

As risk assessment has come to be widely used in a fairly consistent framework, EPA
practices have continued to draw scrutiny in that competing pressures are pushing the agency
to improve the timeliness and quality of its risk assessments. It is now evident that many risk
assessments are taking 10-20 years to complete including assessments on chemicals such as
dioxin, formaldehyde, and trichloroethylene (GAO 2008). There are a myriad of reasons
for delays in the completion of risk assessments including controversy surrounding the sci-
ence, uncertainties in the data, regulatory requirements, political priorities, and economic
factors. In the absence of completed risk assessments, risk management decisions continue
to be made by state and federal agencies; however it is not known whether the decisions
being made are health protective. To the extent that this practice continues, the value of
risk assessment will erode.

For example, trichloroethylene, the most common organic contaminant in groundwater,
which has been linked to cancer, does not have a completed EPA toxicity assessment. The
EPA assessment has been under development since the 1980s and subjected to multiple
independent reviews including EPA’s Science Advisory Board. Key issues were evaluated
by the National Research Council in 2006. NRC (2006) urged that the toxicity assessment
be finalized with currently available data, but the assessment is not anticipated to be final-
ized until 2010 (GAO 2008). Another example is formaldehyde, which the World Health
Organization classified as a known human carcinogen and whose assessment was begun
by EPA in 1997 but is not expected to be completed until 2010 (IARC 2006). The lack of
an updated toxicity assessment for formaldehyde has impacted EPA’s regulatory decisions
(GAO 2008).2

In recent years, a number of federal agencies have raised concerns about EPA risk as-
sessments of contaminants and are now playing a more formal role in risk policy-making at
the federal level. Some of the agencies are also potentially responsible parties facing cleanup
responsibilities and are seeking more input as EPA moves toward final reviews. Those other
agencies and other public and private stakeholders often assert that they are inadequately
involved in EPA processes (for example, Risk Policy Report 2005, 2007).

The Integrated Risk Information System (IRIS) is an important compendium of chemical
toxicity values in which new EPA science policies are often implemented for the first time.
However, IRIS has been criticized because of limitations, including a lack of funding and
delays in updating toxicity values. EPA is now seeking greater science-policy input on its
chemical reviews earlier in the process so that critical issues can be identified and adjustments
made in response to new scientific and science-policy information.

2GAO (2008) acknowledges that because there was no updated EPA cancer risk estimate, EPA’s Office of Air and
Radiation used an alternative estimate in establishing a National Emissions Standard for Hazardous Air Pollutants
covering facilities in the plywood and composite wood industries.
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Those types of problems are exacerbated by the fact that the scientific issues underly-
ing risk assessments and the decisions that risk assessments are developed to support are
increasingly complex, as a result of a greater quantity and diversity of data stemming from
advancements such as in genomics and biomarkers. This report is intended to assist EPA as
it attempts to deal with those and other challenges.

TRADITIONAL AND EMERGING VIEWS OF THE ROLES OF RISK ASSESSMENT

A large community of public-health research scientists in many disciplines is involved
in the development of knowledge about how agents in the environment—whether chemi-
cal, biologic, radiologic, or physical and whether of natural origin or resulting from human
activity—can harm human health and about the conditions under which they may do so.
As this type of knowledge emerges from research, policy-makers in government and many
other institutions concerned with public health begin to focus on whether some type of
action is needed to protect public health and, if so, whether some courses of action yield
better results than others. Societal support for action is found in the many laws that guide
regulatory and public-health agencies. This support is evident in the relationship between
the research community concerned with understanding threats to ecosystems and people
responsible for protecting them.

It is clear that research findings are rarely directly suitable for decision-making. Results
of different studies of the same phenomena often conflict, uncertainties can be large, and
the conditions under which health and ecosystem threats are studied (or can be studied)
usually do not match the conditions of interest for public-health or ecosystem protection.
Research findings need to be interpreted. In matters related to public and ecosystem health,
the interpretive process is called risk assessment. Risk assessment has come to be seen as an
essential component of regulatory and related types of decision-making, and its scientific
underpinnings and its roles in decision-making are the central subjects of this report.

Much scholarly work that has appeared since the publication of the Red Book has
been devoted to countering a tendency to view risk assessment, in its practical applications,
both as the sole source of information on the problems to be managed and as providing
the management choice. To the extent that that tendency exists, we urge that it be resisted.
Risk assessment, we propose, should certainly continue to capture and accurately describe
what various bodies of research findings do and do not tell us about various threats to hu-
man health and to the environment, but it should do so only after the questions that risk
assessment is supposed to address have been posed, through careful evaluation of the options
available to manage the environmental problem at hand, similar to what is done in ecologic
risk assessment. In this context, risk assessment is seen as a method for evaluating the rela-
tive merits of various options (or interventions) for managing risk.

Risk assessment, in that decision-making context, is an essential tool for understanding
what public-health and environmental goals can be achieved or have been achieved by the
actions taken. As will be seen later in this report, early emphasis on identifying risk-man-
agement options and on seeking, through risk assessment, analyses that are most useful for
evaluating the options is somewhat at variance with the risk-assessment-risk-management
model first proposed in the Red Book in that the management options are no longer driven
by whatever risk-assessment findings happen to emerge. The new model does not alter the
technical content of risk assessment from that set out in the Red Book, and, if appropriate
precautions are taken, it does not lead to inappropriate intrusions by risk managers into the
risk-assessment process (an issue of much concern to the Red Book authors; see Chapter 2).
But it has great potential to increase the influence of risk assessment on ultimate decisions
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because it is asked to cast light on a wider range of decision options than has traditionally
been the case. We see this as a necessary and worthwhile extension of the Red Book model,
one better suited to today’s challenges. Its full scope is elucidated in Chapters 3 and 8, which
focus on increasing the utility of risk assessments.

Regulatory decision-makers, including those in EPA, do not routinely approach public-
health and environmental problems by arraying a wide range of options for dealing with
them and then setting into motion the various technical analyses (risk assessments, control-
technology analyses, analyses of resource costs, and so on) that are necessary to achieve
the optimal outcome. The various laws administered by EPA and other regulatory agencies
appear to constrain, or have traditionally been interpreted as constraining, the options to be
considered for risk management. The broader decision context that we propose (discussed
in Chapters 3 and 8) recommends the consideration of other tools now being used or under
development (such as life-cycle analysis [LCA] and sustainability evaluation) that are directed
at environment-related problems of broader scope than those traditionally considered by
EPA and related institutions. The integration of the scientific power of risk assessment with
the broader reach of LCA, for example, should enlarge the influence of risk assessment and
increase its utility for managing the most urgent and far-reaching problems—those having
both human and environmental health components.

Whether operating in a broad or more narrowly constrained decision context, risk as-
sessment is essential for the reasons described above. Whatever the decision context, the
goal of risk assessment is to describe the probability that adverse health or ecosystem effects
of specific types will occur under specified conditions of exposure to an activity or an agent
(chemical, biologic, radiologic, or physical), to describe the uncertainty in the probability
estimate, and to describe how risk varies among populations. To be most useful in decision-
making, risk assessment would consider the risks associated with existing conditions (that
is, the probability of harm under the “take no action” alternative) and the risks that would
remain if each of various possible actions were taken to alter the conditions. There would
also be a need for some commonality in the uncertainty analysis goals and assumptions that
are applied to each of the analyses so that the different policy options can be compared. The
conduct of risk assessment in the broadest practicable risk-management context brings to
light the fullest possible picture of net public-health and environmental benefits. That does
not mean that other options cannot surface during the conduct of a risk assessment; in fact,
improved stakeholder engagement in the process may make this possible.

Achieving such results requires the use of the framework for the conduct of risk as-
sessment set forth in the 1983 Red Book, which has been adopted by numerous expert
committees, regulatory agencies, and public-health institutions and which this committee
sees no reason to alter. The framework includes three well-known analytic steps—hazard
identification, dose-response assessment, and exposure assessment—and a fourth step, risk
characterization, in which results of the first three steps are integrated to yield information on
the probability that the adverse effects described in hazard identification will occur under the
conditions described in exposure assessment. Uncertainty findings from the first three steps
are also integrated into risk characterization. Many other types of review of human-health or
ecologic data emerge from regulatory and public-health institutions, but only those which in
some way incorporate all four of the above steps can properly be called risk assessments.

Although all risk assessments include the four steps, it is critical to recognize that risk
assessments can be undertaken at various levels of technical detail. Given a sufficiently
rich database, highly quantitative estimates of risk can be developed, sometimes involving
probabilistic modeling and substantial biologic data. In other cases, risk assessments may be
semiquantitative. Similarly, descriptions of the uncertainties inherent in all risk assessments
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may be complex or relatively simple. Because risk assessments can vary in detail and com-
plexity, it is important to know how a risk assessment will be used before it is undertaken
so that it can be designed and carried out at the level of technical detail appropriate to the
problem at hand. Risk-assessment design is the subject of Chapter 3.

Decisions regarding risks and risk changes expected under various risk-management
options are informed by the availability of risk assessments. The goal of achieving accurate,
highly quantitative estimates of risk, however, is hampered by limitations in scientific under-
standing and the availability of relevant data, which can be overcome only by the advance
of relevant research. Decisions to protect public health and the environment cannot await
“perfection” in scientific knowledge (an unachievable goal in any case); in the absence of the
understanding that risk assessments, however imperfect, can bring, it will not be possible to
know the public-health or environmental value of whatever decisions are ultimately made. It
is therefore important that risk assessments incorporate the best available scientific informa-
tion in scientifically rigorous ways and that they capture and describe the uncertainties in the
information in ways that are useful for decision-makers. Moreover, the goal of timeliness is
as important as (sometimes more important than) the goal of a precise risk estimate. The
need to seek improvements in EPA’s regulatory decision-making by improving the quality
and utility of risk assessment is the impetus for the current study.

TECHNICAL IMPEDIMENTS TO RISK ASSESSMENT

It is useful to describe some of the types of obstacles that hamper the risk-assessment
process and that limit the utility of its results. It should be kept in mind that risk assess-
ments should not be blamed for a lack of relevant scientific data and knowledge; such a lack
reflects inadequate support for research. But inadequacies in the use of whatever data and
knowledge are available clearly are a problem for risk assessment. The following questions
will receive much attention in this report because they reflect identifiable impediments to
risk assessment and its most important use—for informing decision-making.

1. Are the decision contexts in which risk assessments are to be developed well defined
in advance? It is important to understand the context in which a risk assessment will be
used, so that the appropriate options for addressing a problem can be considered. It seems
that current regulatory thinking on this matter may be overconstrained and often fails even
to begin to incorporate a full range of decision options, perhaps because of limitations, or
perceived limitations, embodied in laws. In any event, the utility of risk assessments may
be less than ideal because of a failure to achieve clarity regarding the options for decision-
making in advance of identifying the types of risk assessments that will be of value.

2. What is the right level of detail for a risk assessment? Early delineation of problems
and options for managing them allows—through the necessary interactions among risk man-
agers, risk assessors and other technical analysts, and other stakeholders—the development
of risk assessments whose level of detail and scientific completeness match the decision-mak-
ing requirements and so can maximize the efficiency of the process.

3. Are the criteria for selecting the “defaults” necessary to complete risk assessments
and for departing?® from them fully specified and set forth in agency guidelines? Because of
the need for a variety of inferences in risk assessment and because the rationales for draw-
ing the inferences are not always distinguishable on purely scientific grounds, the choice of

3The committee recognizes that the current EPA policy on defaults uses the term “invokes” rather than “de-
parts.” EPA’s current policy on defaults is presented in Chapter 6.
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default options to be used involves an element of policy (see the discussion of the Red Book
in Chapter 2). The inferences selected, which are commonly referred to as defaults, can
have substantial effects on the results of risk assessments. Their selection and the criteria
for judging when, in a specific case, a default can be replaced with an alternative inference
based on chemical-specific information are among the most contentious elements of the
risk-assessment process and a cause of sometimes great delays in their completion.

4. Are the best available scientific information and defaults used to deal with the prob-
lem of variability? Variability in exposures to hazardous agents and in biologic responses
to them is a fact of nature. Scientific knowledge of variability is highly limited, and current
risk-assessment approaches to the problem rely heavily on uncertainty factors and other as-
sumptions. It is important for the advance of risk assessment to consider the types of scientific
knowledge now available and their use for improving the quantitative characterization of
variability.

5. What methods should be used to describe and express the uncertainties that accom-
pany all risk assessments? Failure to deal adequately with this matter is a source of much
contention and hampers the goals of decision-making. An issue of central concern is the rela-
tive utility for decision-makers of the various methods available to express uncertainties.

6. Is information about the hazardous properties of chemicals and other agents given
adequate attention in risk assessment? The toxic or carcinogenic properties of substances
under assessment are now typically described in qualitative terms (a weight-of-evidence
evaluation), and without quantitative expressions of the probability that the adverse effect
is relevant to the human population that is the subject of the risk assessment. The possible
importance of this limitation in risk assessment has been little discussed.

7. Are current methods for dealing with substances thought to act through threshold
mechanisms (for example, the development of toxicity reference doses) yielding the most
useful information for decision-making? Current “bright-line” approaches, while valuable
in certain public-health decision-making contexts, clearly lack utility in other contexts.

8. Do current methods for integrating and weighing evidence from different sources
(for example, from epidemiology and experimental studies) ensure that subjective influences
are minimized and transparency maximized?

9. What are the appropriate scientific and policy approaches for dealing with sub-
stances on which very little health-effects or exposure information is available so that the
risks they pose are not ignored relative to those posed by better-studied substances?

10. What approaches should be pursued for defining the risk assessments necessary to
address broad questions of communitywide and cumulative risks (which may involve many
exposure sources and pathways)? Given an ability to formulate appropriate risk questions in
such broad contexts, how can risk information best serve decisions needed to reduce burdens
on public health and the environment?

IMPROVING RISK ANALYSIS

Based on the above questions, improvements in risk analysis can be considered at two
broad levels. First, consideration can be given to improvements in the utility of risk assess-
ments for decision-making. Second, improvements in the technical analysis supporting one
or more of the steps of risk assessment can also be feasible, as new scientific knowledge
becomes available. The committee understands its charge to encompass both types of
improvements.

Improved utility can be achieved in several ways. As has been noted, there are op-
portunities to improve the processes through which risk-related problems and options for
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intervention are identified and formulated prior to the development of risk assessments.
Similar opportunities arise for improvements in the interactions among risk managers and
other stakeholders and risk assessors during the development of assessments. Utility might
also be enhanced by improvements in the ways risks are characterized and uncertainties
expressed, to ensure they are adequately understood by decision-makers. Can the public
health be better served in certain circumstances, for example, by probabilistic expressions
of risk and uncertainties, for toxicity information, than they are by “bright line” estimates
such as toxicity reference doses and concentrations? Can assessments in which the results
of applying different default options are presented, each with a description of its scientific
strengths and weaknesses, better serve decision-makers than those that rely primarily upon
pre-assigned defaults? These types of questions pertain to improvements that might increase
the utility of risk assessments for decision-making.

Improving the technical analysis involved in each of the steps of risk assessment gener-
ally refers to the development and use of scientific knowledge and information that, for a
number of reasons, might lead to more accurate characterizations of risk. Because there are
generally no means empirically to verify the results of most risk assessments, it is difficult to
assess whether “accuracy” has been improved. But there nevertheless seems to be a basis for
believing that greater understanding of the biological processes underlying the production of
toxicity or other types of adverse health effects can, if properly applied, increase confidence
in risk-assessment results. Indeed, much of the current research in toxicology is directed at
gaining that understanding, and with that understanding can come reduced reliance upon de-
faults. In addition, the development of databases of empirical observations relevant to specific
uncertainty factors can be used to replace single-point uncertainty factors with distributions.
Increased confidence in risk assessments might also arise from increased development and
use of human data—both epidemiology and in vitro data (NRC 2007b).

It should be noted that, while improvements in the utility of risk analysis are always
desirable, the quest for improvements in scientific accuracy may not always be necessary or
desirable in the context of specific risk assessments. The latter usually requires investment
in significant research, and so will necessarily be limited to substances of significant social
or economic importance. Default-based risk assessments will continue to have significant
roles because decisions must be efficiently made on large numbers of hazards for which
resources will not be available to corroborate the validity of each default, or to explore
specific alternatives, and because as experience accrues, many of the defaults are viewed as
a culmination of scientific understanding about general phenomena (for which exceptions
may apply in particular cases). It is, of course, possible that, as new scientific understanding
becomes available, certain alternatives to established defaults may prove to be supportable
on a general basis, and this would increase confidence in risk assessments based on them. But
default-based risk assessments will remain necessary for many substances and situations.

Much of what follows in the remaining chapters of the report derives from the com-
mittee’s view of these two broad ways in which improvements in risk analysis might be
achieved.

THE NATIONAL RESEARCH COUNCIL COMMITTEE

In response to the study request from EPA, the NRC established the Committee on Im-
proving Risk Analysis Approaches Used by EPA. Committee members were selected for their
expertise in biostatistics, dose-response modeling, ecotoxicology, environmental transport
and fate modeling, environmental health, environmental regulation, epidemiology, exposure
assessment, risk assessment, toxicology, and uncertainty analysis. Members come from uni-
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versities and other organizations and serve pro bono. Committee members were asked to
serve as individual experts, not as representatives of any organization.

The committee was charged with developing scientific and technical recommendations
for improving risk analysis approaches used by EPA, including providing practical improve-
ments that EPA could make in the near term (2-5 years) and in the longer term (10-20
years). The committee focused primarily on human health risk assessment, but considered
the implications of its findings and recommendations to ecological risk analysis. In reviewing
EPA’s risk analysis concepts and practices, the committee considered past evaluations and
ongoing studies by NRC and others, and risk analyses involving different exposure pathways
and environmental media. In its evaluation, the committee was asked to consider a number
of topics relating to uncertainty, variability, modeling, and mode of action* (see Appendix
B for complete statement of task).

To address its task, the committee held five public sessions in which it heard presenta-
tions from officials from EPA’s Office of Research and Development, its policy, program
and regional offices; the Centers for Disease Control and Prevention; representatives from
industry and environmental organizations; consultants; and academia.

In addressing its charge, the committee considered carefully the concerns expressed by
the presenters regarding the challenges and limitations of risk assessment (Callahan 2007;
Kyle 2007). Peter Preuss, the director of NCEA urged the committee to consider three
specific questions (Preuss 2006): 1) What improvements can be made to risk assessment in
the present? 2) What improvements can be made to risk assessment in the longer term? 3)
What alternative risk paradigms should be considered? Although the charge is focused on
risk assessment at EPA, it is the committee’s hope that the recommendations have influence
over risk assessment wherever it is practiced and used.

ORGANIZATION OF THE REPORT

The body of this report is organized into nine chapters. Chapter 2 presents an evolution
of risk assessment and its applications since the 1980s. Chapter 3 addresses the design of risk
assessment, emphasizing the role of planning and scoping and problem formulation in the
process. Chapter 4 considers uncertainty and variability in risk assessment, addressing both
EPA’s methodologies and needs for improvement. Chapter 5 presents a unified approach for
non-cancer and cancer dose-response modeling that explicitly incorporates uncertainty and
variability into the process. Chapter 6 addresses an important area of uncertainty, selection
and use of defaults. Chapter 7 discusses the need and methods for considering a broader
range of factors in risk assessment, that is cumulative risk assessment, including chemical and
non-chemical stressors, vulnerability of the exposed population, and the impact of actions
on stakeholders, in particular communities. Chapter 8 presents a framework for risk-based
decision-making that is intended to improve the utility of risk assessment. Chapter 9 presents
the committee’s conclusions and recommendations along with a strategy for implementing
them.

4A description of observable key events or processes from interaction of an agent with a cell or tissue through
operational and anatomical changes to the disease state (EPA 2005).
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Evolution and Use of Risk Assessment in the
Environmental Protection Agency:
Current Practice and Future Prospects

OVERVIEW

EPA risk-assessment concepts, principles, and practices are products of many diverse
factors, and each agency program is based on a “unique mixture of statutes, precedents,
and stakeholders” (EPA 2004a, p. 14). With respect to statutes, Congress established the
basic plan through a series of environmental laws, most enacted during the 1970s and most
authorizing science-based regulatory action to protect public health and the environment.
Another factor is EPA’s case-by-case experience with implementing these laws and the result-
ing supplementary principles and practices. Equally important, advisory bodies have drawn
on the expertise of scientists and other environmental professionals in universities, private
organizations, and other government agencies to recommend corrections and improvements.
The net result is that risk assessment in EPA is a continually evolving process that has a
stable common core but takes several forms.

This chapter traces the origins and evolution of risk assessment in EPA with an emphasis
on current processes and procedures as a stepping-off point for the future improvements
envisioned in later chapters. This chapter first describes the diverse statutory requirements
that have led to a broad array of agency programs with correspondingly varied approaches to
risk assessment; it then highlights current concepts and practices, outlines EPA’s multifaceted
institutional arrangements for managing the process, and identifies extramural influences.
The record shows that EPA continually updates the process with new scientific information
and policies, often in response to new laws or advice from advisory bodies as to general
principles or individual assessments. Not all external recommendations necessarily warrant
agency action, but it is clear that implementation of some recommendations has been in-
complete. The chapter closes with process recommendations for implementing some of the
substantive recommendations in the chapters that follow.

26
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STATUTORY PLAN AND REGULATORY STRUCTURE

The environmental laws enacted by Congress shape EPA’s regulatory structure, which,
in turn, influence EPA risk-assessment practices and perspectives. The statutes give EPA
authority to regulate many forms of pollution (for example, pesticides, solid wastes, and
industrial chemicals) as they affect different aspects of the environment (for example, air
quality, water quality, human health, and plant and animal wildlife). The premise central to
EPA risk-assessment practices can be found in enabling legislation for its four major pro-
gram offices: air and radiation, water, solid waste and emergency response, and prevention,
pesticides, and toxic substances. Selected provisions appear below.

e The Clean Water Act calls for standards “adequate to protect public health and the
environment from any reasonably anticipated adverse effects” (CWA § 405 (d)(2)(D)).

e The Clean Air Act, when addressing criteria pollutants, directs the agency to de-
velop criteria “reflecting the latest scientific knowledge” and, on the basis of those criteria,
to issue “national primary ambient air quality standards to . . . protect public health with
an adequate margin of safety” (CAA §§ 108,109).

e The primary purpose of the Toxic Substances Control Act is “to assure [that tech-
nologic] innovation and commerce in such chemical substances and mixtures do not present
an unreasonable risk of injury to health or the environment” (TSCA § 2 (b)(3)).

e Under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), one criterion
for registering (licensing) a pesticide is that “it will perform its intended function without
unreasonable adverse effects on human health and the environment” (FIFRA § 3).

e The Superfund National Contingency Plan specifies that “criteria and priorities [for
responding to releases of hazardous substances] shall be based upon relative risk or danger
to public health or welfare or the environment” (CERCLA § 105 (a)(8)(A)).

The term risk assessment does not appear often in the statutes, and it is important to
note that these statues were enacted prior to the emergence of risk analysis as an integra-
tive discipline in the late 1970s and early 1980s. Rather, EPA risk-assessment principles and
practices stem from statutory provisions calling for information on “adverse effects” (EPA
2004a, p. 14), “relative risk” (p. 82), “unreasonable risk” (p. 14), and “the current scien-
tific knowledge” (p. 104) and for regulatory decisions on protecting human health and the
environment. The statutes provide various standards and procedures related to the scientific
analyses used to evaluate the risk potential of pollutants subject to the statutes.!

IDifferent emphases and terminology lead to different risk-assessment approaches, sometimes for the same pollut-
ant, in different agency programs. That can confuse and confound observers. For example, Clean Air Act provisions
related to four air-pollution topics use different terms for what is essentially the same statutory finding:

e Clean Air Act provisions related to pollutants regulated as national ambient air quality standards are de-
signed to “protect the public health with an adequate margin of safety” (CAA § 109, emphasis added).

e For welfare (environmental) effects, this provision directs the office to “protect the public welfare from any
known or anticipated adverse effects” (CAA § 109, emphasis added).

e Standards for “hazardous” pollutants from stationary sources (for example, factories) are to “provide an
ample margin of safety to protect public health or prevent an adverse environmental effect” (CAA § 112, emphasis
added).

e Regarding mobile sources (for example, cars), the statute calls for ensuring that these vehicles do not “cause
or contribute to an unreasonable risk to public health, welfare or safety” (CAA § 202 (a)(4), emphasis added).

2Some statutes call for technology-based standards that require, for example, specific control techniques or
technology-forcing standards that specify emission limits to be achieved within given periods. Such standards are
based on costs, engineering feasibility, and related technical considerations. Examples include Clean Air Act Sec-
tions 111 (new-source review) and 202 (mobile-source emissions).
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The existence of several medium-oriented statutes explains why EPA has multiple risk-
assessment programs. This circumstance often draws criticism as “stovepiping” that leads to
delay and inconsistency in both risk assessment and regulation. In the early 1990s, Congress
considered but did not pass legislation to incorporate common risk-assessment terminology,
concepts, and requirements into comprehensive risk-assessment legislation.3 Instead, recent
enactments are notable for precise terms that amplify and clarify legislative objectives in
individual statutes by specifying elements that assessments subject to particular statutes
must include

e The 1996 Food Quality Protection Act specifies that “in the case of threshold ef-
fects . . . an additional ten-fold margin of safety for the pesticide chemical residues shall be
applied for infants and children” (FFDCA § 408 (b)(2)(C)).

® 1996 amendments to the Safe Drinking Water Act are similarly explicit about the
presentation of risk estimates and uncertainty: “The Administrator shall, in a document made
available to the public in support of a regulation promulgated under this section, specify, to
the extent practicable

— Each population addressed by any estimate of public health effects
— The expected risk or central estimate of risk for the specific populations
— Each appropriate upper-bound or lower-bound estimate of risk” (SDWA § 300g-1

(b)(3)).

Provisions like those that apply to individual programs (the examples above appear
in pesticide and water legislation, respectively) account for some of the variation in risk-
assessment practices and results. However, although the new terms apply directly only to the
program governed by the statute, other programs have adopted some of the changes.

Despite differences in statutory language, environmental media, and pollutants, several
factors common to the major statutes continue to shape EPA’s regulatory structure and func-
tion and its perspectives on risk assessment:

e The emphasis in each statute on protecting human health and the environment pro-
vides the basis of EPA’s purported conservative approach to risk assessment. Examples range
from generic “adequate margin of safety” language in the Clean Air Act (CAA) amendments
of 1971 (§ 109) to the required additional safety factor of 10 for protection for infants and
children in the 1996 Food Quality Protection Act (FQPA; FFDCA § 408 (b)(2)(C)). As ex-
plained recently, “consistent with its mission, EPA risk assessments tend towards protecting
public and environmental health by preferring an approach that does not underestimate risk
in the face of uncertainty and variability” (EPA 2004a, p. 11).

e Except as noted above (footnote 2) and later in this chapter (page 51), the statutory
provisions related to EPA’s main standards for protecting human health and the environment
treat scientific analysis as a central element in regulatory decision-making and call for collec-
tion and evaluation of scientific information related to the pollutant undergoing regulatory
review. Statutes often detail the kinds of information, analyses, and formal documentation
required in the rule-making record.

3A bipartisan coalition of senators sponsored the Thompson-Levin bill (§981), titled “Regulatory Improvement
Bill,” which would have codified the Office of Management and Budget (OMB) role in review of agency regula-
tions; some provisions later appeared in the OMB Bulletin (70 Fed. Reg. 2664 [2005]). The Moynihan bill (S123)
called for comparative risk assessment.
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e Although some sections of statutes focus solely on health-effect considerations,*
many also identify information and analyses from other fields—such as economic analysis,
technical feasibility, and societal impacts—for use in making regulatory decisions. “It is
generally recognized—by the science community, by the regulatory community, and by the
courts—that it is important to consider other factors along with the science when making
decisions about risk management” (EPA 2004a, p. 3).

The resulting decisions—whether or not to regulate and, if so, the nature and form of
regulation—seek to protect human health and the environment where appropriate, in part
on the basis of scientific analysis and in part on the basis of consideration of information
on costs, societal values, legal requirements, and other factors. As the proponent of any new
regulation, EPA generally® has the burden of proving that the proposed regulation meets
statutory standards. That is not a requirement for EPA to prove “cause and effect” in the
customary scientific sense, but rather to demonstrate by way of science-based analysis that
the proposed regulation meets statutory criteria related to adverse effects, unreasonable risks,
and other statutory thresholds for regulation:

Although regulatory agencies do not have the technical burden of proving that a particular
company’s products or activities have caused or will cause a particular person’s disease, they
do have the practical burden of assembling a record containing sufficient scientific informa-
tion and analysis to survive a reviewing court’s “hard look” review under the “substantial
evidence” or “arbitrary and capricious” tests for judicial review of administrative action
[McGarity 2004].

The environmental statutes administered by EPA and general administrative law re-
quire documentation and review of relevant data and analyses. Some statutory provisions
for pesticides facilitate gathering data for risk assessment by enabling the agency to impose
data requirements on producers and others (for example, FIFRA § 3); the agency’s ability to
impose data requirements has proved far more limited under the Toxic Substances Control
Act (TSCA; GAO 2005) and other statutes.

As the primary scientific rationale for many EPA regulations, risk assessment is subject
to scientific, political, and public controversy. Building on the statutory foundation, the 1983
Red Book introduced principles, terminology, and practices that have become mainstays of
the process. That report, which provided for a common framework for reconciling, to some
extent, the differing requirements of the statutes, led to changes in the 1980s and 1990s and
continues to shape the process today.

THE PIVOTAL ROLE OF THE RED BOOK

The 1983 National Research Council Report

During the 1970s, the scientific assessment practices of EPA and other federal agencies
faced with similar responsibilities—the Occupational Safety and Health Administration,
the Food and Drug Administration (FDA), and the Consumer Products Safety Commis-

4Section 109 of the CAA of 1970 is the most often cited example; note, however, that the statute expressly
provides for consideration of costs, feasibility, and other factors in state implementation plans (§ 110). Such con-
siderations influence the time allowed for compliance with the standards.

SThe situation differs for pesticides. The pesticide statute, FIFRA, requires manufacturers to submit data show-
ing a “reasonable certainty of no harm” before pesticides can be registered and marketed and to maintain the
registration.
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sion—came under close scrutiny as decisions resulting from those practices took on greater
social importance. In 1981, Congress (PL-96528) directed that FDA support a National
Research Council study of the “merits of an institutional separation of the scientific func-
tions of developing objective risk assessments from the regulatory process of making public
and social policy decisions and the feasibility of unifying risk assessment functions.” The
National Research Council organized the Committee on the Institutional Means for Assess-
ment of Risks to Public Health in October 1981, and the committee’s report, the Red Book,
was issued on March 1, 1983. In his letter transmitting the report to the commissioner of
FDA, the chairman of the National Research Council, Frank Press, stated,

The Congress made provision for this study to strengthen the reliability and objectivity of
scientific assessment that forms the basis for federal regulatory policies applicable to car-
cinogens and other public health hazards. Federal agencies that perform risk assessments are
often hard pressed to clearly and convincingly present the scientific basis for their regulatory
decision. In the recent past, for example, decisions on saccharin, nitrites in food, formalde-
hyde use in home insulation, asbestos, air pollutants and a host of other substances have
been called into question.

The report recommends no radical changes in the organizational arrangements for perform-
ing risk assessments. Rather, the committee finds that the basic problem in risk assessment is
the incompleteness of data, a problem not remedied by changing the organizational arrange-
ment for performance of the assessments. Instead, the committee has suggested a course of
action to improve the process within the practical constraints that exist.

As noted in Press’s letter, the “course of action” recommended by the committee focused
primarily on the process through which complex and uncertain, and often contradictory,
scientific information derived from laboratory and other types of research could be made
useful for regulatory and public-health decision-making. The committee was also sensitive
to the concern, expressed in the congressional language, that scientific assessments should be
“objective” and free of policy (and political) influences. Because all assessments of scientific
data are subject to uncertainties and because scientific knowledge is incomplete, it is possible
for different analysts to arrive at different interpretations of the same set of data. If the as-
sessment involves risks to human health from chemical toxicity or other types of hazards,
the differences in interpretation can be large. The committee therefore recognized that risk
assessments could be easily manipulated to achieve some predetermined risk-management
(policy) outcome. Much of the work of the committee was directed at finding ways to mini-
mize that potential problem while avoiding the undesirable step of institutional separation
of scientific assessment from decision-making.

The 1983 report was not directed at the technical analyses involved in risk assessment.
Rather, it offered a coherent and generally applicable framework within which the process
of risk assessment could be undertaken. That framework was shown to be necessary to fill
the gap between the research setting within which general scientific knowledge and diverse
types of information on specific threats to human health are developed and the various
types of risk-management activities undertaken by regulatory and public-health agencies
to minimize those threats. The committee’s recommendations gave order to the developing
field of risk assessment by defining terms and elucidating the four (now well-known) steps of
the risk-assessment process. The committee chose the term risk characterization to describe
the fourth and final step of the risk-assessment process, in which there is an integration and
synthesis of the information and analysis contained in the first three steps (see Figure 2-1).
The committee stated that the term characterization was chosen to convey the idea that both
quantitative and qualitative elements of the risk analysis, and of the scientific uncertainties
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FIGURE 2-1 The National Research Council risk-assessment-risk-management paradigm. Source:
NRC 1983.

in it, should be fully captured for the risk manager. Risks associated with chemical toxicity
necessarily involve biologic data and uncertainties, many of which are not readily expressed
in quantitative terms. Again, it was beyond the charge of the committee to offer specific
technical guidance on the modes of scientific analysis appropriate for each of the steps of

risk assessment.
The first recommendation of the Red Book is the following (NRC 1983, p. 7):

We recommend that regulatory agencies take steps to establish and maintain a clear concep-
tual distinction between assessment of risks and consideration of risk management alterna-
tives; that is, the scientific findings and policy judgments embodied in risk assessments should
be explicitly distinguished from the political, economic, and technical considerations that
influence the design and choice of regulatory strategies.

Two aspects of that critical recommendation are especially noteworthy. First, the com-
mittee emphasized that the distinction between risk assessment and risk management is a
conceptual one; that is, it concerns the fact that the content and goals of the two activities
are distinguishable on a conceptual level. The Red Book nowhere calls for any other type
of “separation” of the two activities.

Second, the phrase “policy judgments embodied in risk assessment” (which are said
to be different in kind from those involved in risk management) points to one of the most
important insights of the committee. In particular, the committee recognized that almost
no risk assessment can be completed unless scientific information (data and knowledge) is
supplemented with assumptions that have not been documented in relation to the particular
risk assessment at hand, although they have probably been supported by substantial evidence
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or theory for the general case.® The clearest examples of such assumptions related to risks
posed by chemical toxicity concern the shape of dose-response curves in the region of very
low doses and the relevance to humans of various toxicity responses observed in high-dose
animal experiments; assumptions regarding these and many other aspects of the data used
for risk assessment are necessary to provide risk managers useful risk characterizations based
on consistent approaches.

The Red Book committee recognized that for a given analytic component of any of the
steps of a risk assessment for which an assumption is necessary, several scientifically plau-
sible assumptions might be available. The committee used the phrase “inference options”
to describe the array of possibilities. To bring order and consistency to risk assessments
conducted by the federal government and to minimize case-by-case manipulations of risk-
assessment outcomes, the committee recommended the development of specific “inference
guidelines”; these were to contain “an explicit statement of a predetermined choice among
alternative inference options” (NRC 1983, p. 4) (see Box 2-1). Thus, agencies should take
steps to describe, in explicit guidelines, the technical approaches used to conduct risk as-
sessments, and these guidelines should include specification of the assumptions (including,
in some cases, models) that would be consistently used to draw inferences in all the analytic
components of the risk-assessment process where they are needed. Inference options have
come to be called default options, and the inferences selected for risk assessments have come
to be called defaults. The development and consistent use of technical guidelines for risk
assessment, with the specification of all the necessary defaults, were seen by the Red Book
committee as necessary to avoid the institutional separation of scientific assessment from
policy development and implementation while minimizing inappropriate and sometimes
invisible policy influences on the risk-assessment process.

As noted later in this chapter, some critics of the Red Book have raised the concern that
the committee’s commendable effort to avoid “inappropriate influences” can readily be taken
to mean “no influence” from risk managers and other stakeholders.

One additional feature of the Red Book’s recommendations bears on the current commit-
tee’s task. Thus, as part of the statement of Recommendation 6, which concerns the criteria
for useful risk-assessment guidelines, can be found the following (NRC 1983, p. 1635):

Flexibility

The committee espouses flexible guidelines. Rigid guidelines, which permit no variation,
might preclude the consideration of relevant scientific information peculiar to a particular
chemical and thus force assessors to use inference options that are not appropriate in a given
case. Also, rigid guidelines might mandate the continued use of concepts that become ob-
solete with new scientific developments. Large segments of the scientific community would
undoubtedly object to such guidelines as incompatible with the use of the best scientific
judgment for policy decisions.

Flexibility can be introduced by the incorporation of default options. The assessor would
be instructed to use a designated (default) option unless specific scientific evidence suggested
otherwise. The guidelines would thus permit exceptions to the general case, as long as each
exception could be justified scientifically. Such justifications would be reviewed by the sci-

¢No scientific knowledge is without uncertainty, but it is generally subject to empirical verification; when the
empirical evidence is supportive and no contrary evidence can be found, documentation is said to have been es-
tablished, at least tentatively. The assumptions needed to complete risk assessments are generally well supported
for the relevant set of past assessments; however, in any specific case it will often be difficult, if not impossible, to
verify empirically that a given assumption also holds for the substance at issue.
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BOX 2-1 Agencywide? Risk-Assessment Guidelines

1986  Guidelines for Carcinogen Risk Assessment (EPA 1986a)
Guidelines for Health Assessment of Suspect Developmental Toxicants (51 Fed. Reg. 34028
[1986])
Guidelines for Mutagenicity Risk Assessment (EPA 1986b)
Guidelines for Estimating Exposures (51 Fed. Reg. 34042 [1986])
Guidelines for Health Assessment of Chemical Mixtures (EPA 1986¢)
1991  Developmental Toxicity Risk Assessment (revised and updated) (EPA 1991)
1992  Guidelines for Exposure Assessment (EPA 1992a)
1996  Guidelines for Reproductive Toxicity Risk Assessment (EPA 1996a)
1998  Guidelines for Ecological Risk Assessment (EPA 1998a)
Guidelines for Neurotoxicity Risk Assessment (EPA 1998b)
2000 Supplementary Guidance for Health Risk Assessment of Chemical Mixtures (EPA 2000a)
2005 Guidelines for Carcinogen Risk Assessment and Supplemental Guidance for Assessing Sus-
ceptibility from Early-Life Exposure to Carcinogens (EPA 2005a,b)

These guidelines, which are consistent with Red Book recommendations (NRC 1983, p. 7),
“structure the interpretation of scientific and technical information relevant to the assessment” and
“address all elements of risk assessment, but allow flexibility to consider unique scientific evidence in
particular instances.”

Each guideline is a multiyear project developed by multioffice teams composed of scientists in
EPA laboratories, centers, program offices, and regional offices. Draft guidelines are peer-reviewed in
open public meetings and published for comment in the Federal Register. In general, each guideline
follows the 1983 Red Book paradigm, providing guidance on the use and interpretation of information
in each field of analysis, including the role of defaults and assumptions and approaches to uncertain-
ties and risk characterization. Some guidelines are accompanied by supplementary reports on special
topics, for example, “Assessing Susceptibility from Early-life Exposure to Carcinogens” (EPA 2005b)
and “Guiding Principles for Monte Carlo Analysis” (EPA 1997a).

2EPA’s guideline library includes many other guidance documents and policies, including those specific to individual
programs (see, for example, Tables C-1 and D-1 and references).

entific review panels and by the public under procedures described above. Guidelines could
profitably highlight subjects undergoing relatively rapid scientific development (for example,
the use of metabolic data for interspecies comparisons) and any other components in which
exceptions to particular default options were likely to arise. They should also attempt to
present criteria for evaluating whether an exception is justified.

As will be evident throughout this report, it has proved difficult to achieve scientific
consensus on judgments regarding the adequacy of scientific evidence to justify, in specific
cases, departures from one or more defaults.

One of the objectives of the present committee’s work might be seen as determining
whether 25 years of scientific research and of scholarly thinking about the conduct of risk
assessments provides new insights into whether there might be better ways of approaching
the uncertainties that give rise to the need for defaults.
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Later National Research Council Studies

NRC (1993a) advocated the integration of ecological risk assessment into the 1983 Red
Book framework. The framework for risk assessment and its four-step analytic process were
adopted and promoted in the National Research Council’s Science and Judgment in Risk As-
sessment (NRC 1994) and Understanding Risk: Informing Decisions in a Democratic Society
(NRC 1996). Indeed, the framework has been widely adopted in other expert studies of risk
assessment (see PCCRARM 1997 and references cited therein) and has been adopted outside
the United States (in the European Union and the World Health Organization) (see Figure
2-2). Moreover, as regulatory and public-health institutions have had to bring a greater
degree of scientific analysis and consistency to health threats posed by microbial pathogens
(Parkin 2007), excessive nutrient intakes (IOM 1997, 1998, 2003; WHO 2006), and other
environmental stressors, they have found the Red Book framework both scientifically ap-
propriate and useful.

One additional theme regarding the risk-assessment process is given great attention by
the National Research Council in Understanding Risk (NRC 1996, p. 6):

The analytic-deliberative process leading to a risk characterization should include early and
explicit attention to problem formulation; representation of the spectrum of interested and

INTEGRATED RISK ASSESSMENT
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FIGURE 2-2 The World Health Organization’s framework for integrated health and ecologic risk as-
sessment. NOTE: Figures 2-1 and 2-2 show different renditions and evolving emphases as to the basic
elements of the Red Book paradigm. Source: Suter et al. 2001.
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affected parties at this early stage is imperative. The analytic-deliberative process should be
mutual and recursive. Analysis and deliberation are complementary and must be integrated
throughout the process leading to risk characterization: deliberation frames analysis, analysis
informs deliberation, and the process benefits from feedback between the two.

That recommendation provides nuance to the Red Book’s call for “separation” of as-
sessment and management to facilitate the supreme goal of risk assessment: to provide the
scientific basis for public-health and regulatory decisions. As long as “analysis and delibera-
tion” does not involve efforts by risk managers to shape risk-assessment outcomes to match
their policy preferences, but rather involves efforts to ensure that assessments (whatever
their outcomes) will be adequate for decision-making, interactive processes involving “the
spectrum of interested and affected parties” are seen as imperative.

The 1994 National Research Council report Science and Judgment in Risk Assessment
evaluated EPA’s risk-assessment practices as they apply to hazardous air pollutants from
sources subject to Section 112 of the CAA amendments of 1990. That report did not alter the
principles for risk assessment set forth by the Red Book but rather examined EPA guidelines
and practices and then recommended ways in which various technical improvements in the
conduct of risk assessments and in the presentation of risk characterizations might be ac-
complished. Thus, the present committee’s efforts resemble in many ways those undertaken
by the Science and Judgment committee.

The issue of default options was given much consideration (see Box 2-2). Indeed, the
1994 National Research Council committee found EPA’s existing technical guidelines for risk
assessment to be deficient with respect to their justifications for defaults and with respect to
evidentiary standards and scientific criteria to be met for case-specific departures from them.”
The committee offered a long series of recommendations, each preceded by a discussion of
the state of technical understanding, on issues of data needs for risk assessment, uncertainty,
variability, aggregation of exposures and risk, and model development.

The 1994 committee’s recommendations extended beyond the technical content of risk
assessment and included issues of process, institutional arrangements, and even problems of
risk communication. Although there was much focus on air-pollutant risks, particularly the
technical issues related to exposure assessment, most of that committee’s recommendations
had broad applicability to risk assessment.

In Appendix D to the present report, the committee has selected representative rec-
ommendations contained in the three National Research Council reports cited above and
attempted to provide a view of how EPA has responded to many of them. It can be seen
that EPA has devoted considerable effort to ensuring that its guidelines conform to many
National Research Council recommendations, although the record on accepting and imple-
menting recommendations is uneven and incomplete (see, for example, Boxes 2-4 and 2-5
and Chapter 6).

The present committee has been asked to review current EPA “concepts and practices,”
taking into account the previous National Research Council studies and studies in which
new scientific approaches are being evaluated. The present committee is not specifically
charged with modifying the fundamental concepts first elucidated in the Red Book unless the
scientific understanding on environmental hazards and the research on the conduct of risk
assessment that have developed over the past 25 years demand such a modification. Thus, as

7Appendix N to the 1994 report contains two views of the issue of defaults, one of committee member Adam
Finkel and one of members Roger McClellan and D. Warner North; their papers represent a range of committee
perspectives on the appropriate balance of science and policy considerations in a system for departure from default
assumptions.
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BOX 2-2 Science Policy and Defaults

Science and Judgment (NRC 1994) describes defaults as the “science policy components of risk
assessment” (p. 40) and points out that “if the choice of inference options is not governed by guidelines,
the written assessment itself should make explicit the assumptions used to interpret data or support
conclusions reached in the absence of data” (p. 15). The report recognizes “choice” as an aspect of
science policy (p. 27):

The [1983 Red Book] committee pointed out that selection of a particular approach under such circumstances
involves what it called a science-policy choice. Science-policy choices are distinct from the policy choices
associated with ultimate decision-making. . . . The science-policy choices that regulatory agencies make in
carrying out risk assessments have considerable influence on the results.

Those principles are the basis of EPA’s call for “transparency,” “full disclosure,” and “scientific con-
clusions identified separately from default assumptions and policy calls” in the Risk Characterization
Handbook (EPA 2000b). EPA’s recent Staff Paper (EPA 2004a, p. 12) embraces and expands on the
principles: “Science policy positions and choices are by necessity utilized during the risk assessment
process.”

The Superfund program’s supplemental guidance document Standard Default Exposure Factors
was developed in response to requests to make Superfund assessments more transparent and their
assumptions more consistent. The guidance states that defaults are used when “there is a lack of
site-specific data or consensus on which parameters to choose, given a range of possibilities” (EPA
2004a, p. 105).

as the committee undertook its technical evaluations, it remained sensitive to the question of
whether the Red Book’s framework for risk assessment and its conceptual underpinnings are
adequate to meet the challenges of understanding and managing the array of environmental
threats to health and the environment that we are expected to face in the foreseeable future.
These considerations have also shaped other approaches to thinking about risk assessment
including PCCRARM (1997) and a recent publication by Krewski et al. (2007).

CURRENT CONCEPTS AND PRACTICES

EPA’s statement of task for this committee (Appendix B) seeks a “scientific and technical
review of EPA’s current risk analysis concepts and practices.” In addition, EPA invites the
committee to develop “recommendations for improving” EPA’s risk-analysis approaches,
“taking into consideration past evaluations.” At the outset, the committee approached its
task in part by reviewing major National Research Council reports published since 1983. It
also examined EPA risk-assessment activities in light of themes and trends in those reports.
The discussion that follows highlights EPA’s progress in many spheres and shortfalls and
committee uncertainty about the nature and extent of progress.

The National Research Council reports and EPA documents arrayed in the timeline
diagram in Figure 2-3 and the timeline table in Appendix C are the primary sources for this
analysis. The implementation table in Appendix D isolates and highlights National Research
Council recommendations on selected risk-assessment topics with relevant EPA responses
as documented in a recent EPA Staff Paper (EPA 2004a), guideline documents, and other
EPA sources; it also draws on a Government Accountability Office (GAO) study requested
by Congress (GAO 2005).
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Environmental Protection Agency Progress in Implementing
National Research Council Recommendations

In general, as shown in Table D-1, National Research Council committees have rec-
ommended improvements related to a broad array of risk-assessment issues and activities.
Most recommendations provide technical advice on scientific topics, such as cumulative risk,
toxicity assessment, mode of action, and uncertainty analysis; but others address associated
matters, such as peer review, guideline development, and principles like the conceptual
distinction between risk assessment and risk management. EPA responses to the recommen-
dations take several forms, including internal guidance memoranda and formal guidelines,
handbooks and manuals, new programs, and standing committees to study identified risk-
assessment topics.

Table D-1 shows that some recommendations have prompted complementary activities
in various agency offices. For instance, the agency has both generic and program-specific
guidance related to cumulative risk and aggregate exposure (Table D-1).8 Agencywide guid-
ance issued under the auspices of the Science Policy Council and Risk Assessment Forum
includes a 1997 guidance memorandum and supplemental guidelines for chemical mixtures.
Individual offices have undertaken separate projects to meet office-specific needs. Examples
include, for the Office of Air and Radiation, the Integrated Air Toxics Strategy (64 Fed.
Reg. 38705 [1991]), the TRIM model (EPA 2007a), and the Multiple Pathways of Exposure
Model (EPA 2004b); for the Office of Pesticide Programs (OPP), the report Guidance on
Cumulative Risk Assessment of Pesticide Chemicals That Have a Common Mechanism of
Toxicity (EPA 2002a); and for the Office of Research and Development (ORD), the cumula-
tive-risk components of the Human Health Research Strategy (EPA 2003a).

Table D-1 shows a long-standing emphasis on “risk characterization” in both National
Research Council recommendations and EPA guidance memoranda, formal guidelines, and
other documents (see Box 2-3). The 1994 National Research Council committee described
risk characterization as involving integration of information developed in the hazard-iden-
tification, dose-response, and exposure analyses and “a full discussion of uncertainties as-
sociated with the estimates of risk” (NRC 1994, p. 27). The agency’s risk-characterization
guidance, including a handbook (EPA 2000b) devoted to the topic, was consistent with that
recommendation in emphasizing “transparency” and “clarity” in explaining risk-assessment
approaches and results, especially specifying strength and weaknesses of data and methods
and identifying related uncertainties.

Citing 1994 National Research Council recommendations for greater attention to the
use of defaults, EPA applies this general risk-characterization guidance to the specific subject
of defaults in the proposed (EPA 1996b)? and final (EPA 2005a) cancer guidelines (Table D-
1). Those documents articulate the scientific basis of five major defaults used in cancer risk
assessment in the absence of scientific data. The Staff Paper (EPA 2004a) explains that the
agency “invokes defaults only after the data are determined to be not usable at that point
in the assessment” (EPA 2004a, p. 51), emphasizing that this is a “different approach from

8National Research Council recommendations are not by themselves responsible for EPA activities on topics
covered by them. EPA’s Science Advisory Board (SAB) and the International Life Sciences Institute (ILSI) Risk Sci-
ence Institute have also provided recommendations on these issues. The burst of activity on cumulative risk and
aggregate exposure, for example, reflects a confluence of such factors as new statutory requirements in the 1996
FQPA and advances in the state of the science.
9The 1996 proposal cited here and elsewhere (for example, Table D-1) represents an intermediate step in the
evolution of EPA cancer principles from 1986 to 2005; also, although the guidelines were not completed for almost
10 years, the 1996 proposal documented contemporaneous EPA work on the 1994 National Research Council
recommendations related to cancer risk assessment.
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BOX 2-3 Agency Guidance on Risk Characterization: Attention to Uncertainty

A 1992 guidance memorandum reinforces principles enunciated in the 1983 Red Book and in
EPA’s 1986 risk-assessment guidelines and was a forerunner of later guidance documents.

Highly reliable data are available for many aspects of an assessment. However, scientific uncertainty is a
fact of life for the risk assessment process as a whole. . . . Scientists call for fully characterizing risk not to
question the validity of the assessment, but to fully inform others about critical information in the assessment.
... Even though risk characterization details limitations in an assessment, a balanced discussion of reliable
conclusions and related uncertainties enhances, rather than detracts, from the overall credibility of each as-
sessment [Reprinted in NRC 1994, Appendix B, pp. 352-353].

The Risk Characterization Handbook (EPA 2000b) instructs risk assessors to, among other things,
“carry forward the key information from hazard identification, dose-response, and exposure assess-
ment, using a combination of qualitative information, quantitative information, and information about
uncertainties” (p. 24) and “describe the uncertainties inherent in the risk assessment and the default
positions used to address these uncertainties or gaps in the assessment” (p. 21).

After highlighting the emphasis on “transparency” in EPA’s 1995 risk-characterization policy (EPA
1995), the Staff Paper (EPA 2004a) notes that “one of the major comments on EPA risk assessment
practices is that they do not characterize uncertainty and variability transparently enough” (p. 33). The
statement of task for EPA (2004a) confirms that “this is an issue EPA is attempting to address” (p. 33).
(See Box 2-4 for related peer-review commentary on one assessment.)

choosing defaults first and then using data to depart from them” (EPA 2004a, p. 51), as in
the past. The committee found this framing of defaults problematic, as discussed at length
in Chapter 6.

Table D-1 was instructive for the present committee’s review of EPA risk-assessment
concepts and practices called for in the statement of task. For example, GAO’s survey reports
broad-based approval in EPA of the program for developing risk-assessment guidelines in line
with 1983 Red Book recommendations for inference guidelines (Table D-1). As new methods
emerged, the agency revised and updated several of the original 1986 guidelines (on cancer,
developmental toxicity, mixtures, and exposure assessment). The addition of new topics to
the guideline library, such as neurotoxicity in 1998 and ecologic risk assessment in 1998,
suggests that adding other new topics may be a useful way to implement recommendations
in the present report.

EPA’s response to recommendations from its Scientific Advisory Board (SAB) and the
National Research Council for an enlarged peer-review program offers another model for
the future. EPA’s 1992 and 1994 peer-review policy memorandums (EPA 1992¢, 1994)
expanded peer review beyond statutory mandates!? to “major scientifically and technically
based work products related to Agency decisions” (EPA 2000b; Table D-1). The general
objective of both the National Research Council recommendations and EPA’s new policy was
to add scientific expertise to the overall risk-assessment process. The expanded policy was
intended to move assessments not then subject to peer review into the ambit of peer review.
The calls for more peer review, like the call for more stakeholder participation, demonstrate
concern about both the increasing complexity of risk assessment and the credibility of EPA
assessments. However, EPA (2000b) acknowledges the need for upfront planning of the peer

10Section 109 of the CAA requires peer review of the criteria documents setting forth the scientific analyses
underlying national ambient air quality standards; Section 6 of FIFRA requires peer review of identified pesticide
actions. See also 70 Fed. Reg. 2664 [2005] (federal peer-review guidelines).
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review to ensure it provides the appropriate insight and direction to the risk assessment. In
that regard, the new framework proposed in this report may well require a different kind of
peer review in which experience and expertise on decision theory, social sciences, and risk
management may be required along with scientific expertise.

The enormous variety and scope of EPA risk-assessment responsibilities and activities
preclude a detailed and full assessment by the present committee of risk-assessment practices
in all parts of the agency. For example, the GAO survey (see GAO [2006], Table D-1) implies
extensive use of the guidelines by agency risk assessors but does not provide information on
the extent to which individual risk assessments (assessments of particular hazardous air pol-
lutants, pesticides, or Superfund sites) follow some of or all of the principles enunciated in the
guidelines. Similarly, even with the strong emphasis on identifying uncertainties, explaining
defaults, and justifying science-policy choices as critical features of risk characterization in
EPA guidance documents (see Table D-1 and Box 2-3), peer reviewers and other commenters
recommend greater clarity and transparency in characterizing variability, uncertainty, and
risk (GAO 2006; see Box 2-4 for one example). Those concerns raise questions about the
extent to which guidance on risk characterization is fully used in practice, whether the guid-
ance is adequate, and how to guide characterization during periods when science, practice,
and expectations are evolving.

The 1994 National Research Council report called for explanation of the scientific basis
of default options and identification of “criteria” for departure from defaults. Guidelines for
Carcinogen Risk Assessment (EPA 2005a) includes as an appendix an extended discussion

BOX 2-4 Commentary on Risk Characterization for the Dioxin Reassessment

In a recent report (NRC 2006) on EPA’s dioxin reassessment (EPA 2003b), the peer-review panel
complimented some features of EPA’s approach to scientific uncertainties in the assessment and then
recommended that the agency “substantially revise the risk characterization section of Part Il of the
Reassessment to include a more comprehensive risk characterization and discussion of the uncertain-
ties surrounding key assumptions and variables” (NRC 20086, p. 25).

For more than 20 years, EPA guidance documents have stressed displaying “all relevant informa-
tion pertaining to the decision at hand” (EPA 1984, p. 14), fully informing others about “critical informa-
tion from each stage of a risk assessment” (EPA 2000b, p. A-2), and the importance of transparency and
“describing uncertainties inherent in risk assessment and default positions” (p. 21), among other things.
See Box 2-3 and Table D-1 (section on risk characterization) for fuller statements and references. In
view of this long-standing internal guidance emphasizing complete and transparent characterization in
agency risk assessments, the need for “substantial improvement” in EPA’s description of the scientific
basis for key elements in this important assessment suggests inattention to principles enunciated in
EPA guidance (NRC 2006, p. 9; emphasis in original):

The Committee identified three areas that require substantial improvement in describing the scientific basis
for EPA’s dioxin risk assessment to support a scientifically robust risk characterization:

* Justification of approaches to dose-response modeling for cancer and noncancer end points.
» Transparency and clarity in selection of key data sets for analysis.
» Transparency, thoroughness, and clarity in quantitative uncertainty analysis.

The calls for improved risk characterization in dioxin risk assessment by NRC (2006) illustrate the
need for greater clarity and transparency that are often voiced in reviews of EPA risk assessments.
Consistent with the statement of task, this report develops information and approaches for addressing
these issues.
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of the scientific basis of defaults and alternatives but does not provide criteria for invoking
defaults (see Chapter 6).

Chapter 6 of the present report analyzes EPA implementation of selected recommenda-
tions regarding defaults in greater depth than in Table D-1. For example, Table 6-3 charac-
terizes some EPA practices as implicit or “missing” defaults. As also shown in Table D-1,
National Research Council committees have made various recommendations related to un-
certainty analysis. However, as noted in Chapter 4, uncertainty analysis and characterization
pose difficult technical issues, and in general related best practices have not been established.
In the absence of guidelines on the appropriate degrees of detail, rigor, and sophistication
needed in an uncertainty analysis for a given risk assessment, it is not surprising that expert
advisory committees recommend technical improvements in this regard.!! (See Box 2-5 on
importance of implementation of guidelines.)

EPA and GAO comments on the Integrated Risk Information System (IRIS) (see Table
D-1) may be instructive as to the outlook for the present committee’s recommendations to
the agency. The GAO report details numerous improvements in the IRIS process over the
past 10 years. It also indicates that in 2005 EPA completed only eight IRIS reviews, falling
“considerably short” of the recommended (and highly optimistic) goal of 50 each year (GAO
2006). GAO states that agency officials explained the shortfall in terms of such factors as
risk-assessment complexity, resource limitations, and peer-review requirements.'> Those fac-
tors will also be at play as the agency applies recommendations in this report to the current
IRIS backlog and to new risk assessments for individual chemicals or sites.!3 Similarly, in
reporting that 90% of its 2002 scientific and technical work products were peer-reviewed
(Gilman 2003; Table D-1), the agency also tracks how the peer-review comments were ad-
dressed (EPA 2000c). In sum, Table D-1 identifies both EPA guidance responding to National
Research Council recommendations and an impressive set of practices undertaken to improve
agency risk assessments. However, the breadth and scope of EPA’s risk-assessment agenda
limit the table to a selected subset of current concepts and practices. Although the record
demonstrates the extent to which National Research Council recommendations have been
implemented on paper through guidelines and other guidance statements, the committee
does not have detailed information on the extent to which the guidelines have been fully and
effectively incorporated in practice. As EPA explained to GAO (in relation to IRIS), many
factors could lead to partial implementation, including data availability, staff expertise and
experience, resource constraints, adequate peer review, and the impact of statutory deadlines
and legal frameworks on the risk-assessment process.

The Role of Policy

Each stage in the risk-assessment process calls for a series of choices, each with the
potential to influence, and in some cases determine, the outcome of the risk assessment. As

HFor example, one recent review “finds that EPA guidance concerning specific use of the Integrated Exposure
Uptake Biokinetic (IEUBK) model and additional use of blood lead studies is incomplete. . . . The Office of Solid
Waste and Emergency Response (OSWER) directive fails . . . to give adequate guidance about what to do when
[data] and IEUBK model results disagree by a substantial margin” (NRC 2005a, p. 273).

120ne published paper reports that in 2006 EPA added only two assessments to the IRIS database (Mills
2006).

B3The impact of these factors on the high-profile IRIS program, which is based in the scientist-rich ORD, raises
questions about the capacity of the agency as a whole, where many risk assessors have less experience than
those in ORD, to expand its risk-assessment activities in line with recommendations set forth in this report. See
Chapter 9.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

42 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

BOX 2-5 Guideline Implementation and Risk-Assessment Impacts

As shown in Box 2-1, EPA’s library of risk assessment guidelines covers a broad array of topics.
In 1994, the NRC committee concluded that “the guidelines were generally consistent with the Red
Book recommendations. . . . They include default options which are essentially policy judgments of
how to accommodate uncertainties. They include various assumptions that are needed for assessing
exposure and risk” (NRC 1994, p. 5).

Despite conformity with the Red Book, approval of peer reviewers (see peer-review history at
the front of individual guidelines), and staff appreciation of the guideline documents (GAO 2006),
concerns identified in EPA’s Staff Paper (EPA 2004a) and the GAO report (GAO 2005) regarding EPA
risk assessments (for example, overconservativism and underconservatism in risk estimates, use
or nonuse of defaults, incomplete discussion of uncertainty, and delays in completing assessments)
prompt questions about the extent to which the guidelines fulfill their intended function in individual
assessments. That is, to what extent are problems associated with EPA risk assessments traceable to
guideline content or use?

One question is related to the scientific adequacy and general utility of the guidelines themselves
as a resource for assessors and managers; that is, do they provide information needed in a usable
form? A second question is related to risk assessors’ use or nonuse of the guidelines in any particular
case; that is, do assessors and managers have the technical experience, scientific data, funding, and
time to use the guidelines as intended? (See Box 2-4 for an example of incomplete attention to existing
guidance.) Factors contributing to ineffective guidelines or guideline use may include

e Nonavailability of relevant data, risk-assessment methodology (for example, established de-
faults), or both.

e Complexity, lack of clarity, or infeasibility in the recommendations by the National Research
Council and other bodies that advise the agency.

o Complexity, lack of clarity, or infeasibility in the related EPA guidelines.

e Optional vs mandatory wording in the guidelines.

e Individual or ad hoc policy overriding guideline policy.

e Lack of experience on the part of risk assessors.

e Management issues, such as lack of experience or oversight on the part of supervisors and
decision-makers.

In view of EPA’s pattern of developing guidelines to address previous National Research Council
recommendations (Table D-1), understanding of factors that influence effective use of the guidelines
by assessors and managers could be critical for effective implementation of recommendations in the
present report.

developed more fully in Chapters 4-7, the data gaps and uncertainties inherent in the process
generate the need for defaults and assumptions; in addition, alternative approaches to each
assumption introduce the element of choice (NRC 1994, p. 27):

Risk assessors might be faced with several scientifically plausible approaches (for example,
choosing the most reliable dose-response model for extrapolation beyond the range of ob-
servable effects) with no definitive basis for distinguishing among them. The [Red Book]
committee pointed out that selection of a particular approach under such circumstances
involves what it called a science-policy choice. Science-policy choices are distinct from the
policy choices associated with ultimate decision-making. . . . The science-policy choices that
regulatory agencies make in carrying out risk assessments have considerable influence on
the results.
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However, it is critical that science-policy choices underlying risk-assessment guidelines
be based on the need for consistency, reproducibility, and fairness.

Some choices are normal aspects of scientific endeavors, whether part of a regulatory pro-
cess or not. For example, each stage of the risk-assessment process involves an initial survey
of the scientific literature and relevant databases to identify and isolate studies pertinent to
the pollutant or situation under review. The array includes information from many sources:
reports in peer-reviewed journals, reports in the gray literature, personal communications
about recent results not yet published, and the like. Some studies have been replicated or oth-
erwise substantiated; others may have a questionable provenance. Judgments on those issues
parallel judgments made in developing any scientific analysis. Continuing analysis involves
reviewing each study for fundamental strengths and weaknesses, for example, quality-assur-
ance issues, replicability, consistency with comparable studies, and peer-review status.

Other considerations are specific to the regulatory process. They include the relevance
of any particular piece of evidence in the decision context (see Chapters 3 and 8), informa-
tion submitted by stakeholders and other interested parties, applicability of relevant agency
policies and guidelines, and factors that might compromise use of data for standard-setting
purposes (for example, the presence of potential conflicts of interest in generating or censor-
ing data).

It is easy to narrow the options by eliminating nonconforming studies. However, more
than one study may meet basic scientific standards, and studies vary with respect to quality
attributes. Benchmark dose (BMD) calculations for perchlorate offer an example, as de-
scribed in a recent National Research Council peer-review report (NRC 2005b, p. 170):

As part of its deliberations on the point of departure, the committee reviewed the BMD analy-
ses conducted by EPA (2003c), the California Environmental Protection Agency (CalEPA
2004), and Crump and Goodman (2003) on the data from Greer et al. (2002). Overall these
analyses used different models, approaches, parameters, response levels, and input data, so
comparison of the results of the analyses is difficult.

The task, then, was to identify the “critical” study or studies for use in continuing the
risk assessment (see, for example, EPA 2002b, 2004a, 2005a,b), which may involve choosing
among or combining varied results from different scientifically adequate studies. When dif-
ferent scientists make different judgments—that is, different choices—among the alternative
studies, related risk-assessment results may differ substantially (Box 2-6).

In addition to choosing one set of “hard” data over another where necessary, risk asses-
sors identify uncertainties and unknowns at each stage in the process. In the hazard-identifi-
cation stage, questions about the applicability to humans of findings in specific animal studies
lead to uncertainty in the animal-to-human extrapolation, an assumption that data in those
studies are predictive of adverse effects in humans under particular conditions of exposure.
When relevant data are unavailable, other uncertainties lead to questions on other matters,
such as the relevance of effects observed in studies on males to females, adults to children,
and “healthy” workers to the general population. Similar uncertainties are important in all
types of risk assessments.

The dose-response analysis almost invariably raises questions about the likelihood that
effects observed at the generally higher doses used in animal studies (or under conditions of
workplace exposures) would be observed at the generally lower doses expected in connection
with environmental exposures. As shown for perchlorate, the number of choice points and
the options at each point open the door to different reference dose (RfD) values, depending
on the combination of choices made:
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drinking-water supplies for more than 11 million people. After peer-review challenges to the scientific
basis of EPA’s proposed RfD, the National Research Council produced an independent analysis at the
request of several agencies.

a key biochemical event seen in healthy humans that would precede adverse effects as the basis of
the RfD (NRC 2005b, pp. 14, 166).

concentrations in rats (oral exposure) as the basis of its point of departure for the RfD calculation; the
National Research Council committee recommended using inhibition of iodine uptake by the thyroid in
a small group of exposed healthy humans, a nonadverse effect, as the basis of the point of departure
(p. 168).

ences, use of a lowest-observed-adverse-effect level, lack of chronic data, and other database gaps
(p. 172). The National Research Council committee used a total uncertainty factor of 10 to account
for interindividual variability (p. 178). This was consistent with the use of human data, and assumed
that the point of departure was a no-observed-effect level.

an RfD of 0.0007 mg/kg per day (p. 178). In 2005, EPA responded to the National Research Council
recommendation by issuing a new perchlorate RfD of 0.0007 mg/kg per day (EPA 2005c).

risk conclusions, with a majority of the differences arising from different emphases placed on datasets
and on how uncertainty and variability are viewed. Large-scale epidemiology studies can bring these
variability and risk issues into sharper focus. For example, a recent large Centers for Disease Control
and Prevention study found associations between relatively low perchlorate exposures and reduced
thyroid function in sensitive populations of women (Blount et al. 2006). Further followup studies will
provide insight as to whether the current RfD is adequate. Further analysis of CDC data suggest an
interaction of perchlorate and tobacco smoking (perhaps via thiocyanate) to affect thyroid function
(Steinmaus et al. 2007).

BOX 2-6 Choices and a Reference Dose Value for Perchlorate

In 2002, EPA issued a draft reference dose (RfD) for perchlorate, a contaminant found in public

e EPA based the RfD on adverse effects in rats; the National Research Council committee chose

* EPA used changes in brain morphometry, thyroid histopathology, and serum thyroid-hormone

* EPA selected a “composite” uncertainty factor of 300 to account for animal-human differ-

EPA had proposed an RfD of 0.00003 mg/kg per day; committee recommendations would lead to

The analytic process for this chemical indicates that different scientific bodies can come to different

level.

Use of BMD or low dose for RfD calculation.
Use of the lowest-observed-adverse-effect level or the no-observed-adverse-effect

Use of the ED;, ED;, or ED,, to define the benchmark response.!*
For noncancer end points, an uncertainty factor of 1, 10, 100, 1000, or other.
For carcinogens, a threshold or nonthreshold approach.

Exposure assessment can involve an even broader range of uncertainties and related
choice points. Some are related to the fate and transport of the pollutant in the environ-
ment, others to data on and uncertainties about the metabolism, distribution, and fate of the
chemical in the target population. In each case, chemical-specific data are rarely available
on all the parameters critical for estimating expected exposures.

4ED,,, EDs, or ED, is the dose associated with either a 1%, 5%, or 10% increase in an adverse effect relative
to the control response (EPA 2008).
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As a result, exposure scenarios are just that—hypothetical situations based on combi-
nations of measured and, where data are unavailable, modeled estimates of the form and
amount of a chemical in the environment or human tissue. They often combine data specific
to the chemical at issue and, where such data are not available, data on similar chemicals
or on the same chemical in different conditions. After examining the database for answers
to these questions, EPA risk assessors turn to assumptions and extrapolation to develop
information for completing an assessment:

e In the absence of chemical-specific data, what data on what other chemicals best
represent the chemical under study?

e In the absence of reliable measurements of exposure in the environment, which as-
sumptions and models can be expected to provide reasonably valid estimates?

e In the absence of reliable measurements of tissue exposure in humans, which as-
sumptions and models can be expected to provide reasonably valid estimates?

e Of several potentially vulnerable populations (for example, infants, children, the
elderly, and pregnant women) with comparable exposure potential, which populations are
the most sensitive and in need of protection under the standard?

e When and how should exposure assessment take account of cumulative or aggregate
exposure?

Choices at those and other decision points shape predictions of risks to populations of
interest and the credibility of the risk assessment itself.

Superimposed on those choices among candidate scientific studies, assumptions, mod-
els, and the like, policy choices are required as to which scientifically plausible assumptions
and models to use in completing the assessment. The process is designed to accommodate
discussion of the choices and the reasons for them. The Red Book paradigm and successor
reports and EPA guidance documents stress the importance of characterizing risk by advis-
ing decision-makers and the public about uncertainties, assumptions, and choices made. A
National Research Council report on EPA’s dioxin reassessment illustrates the point (NRC
2006, p. 55):

The impact of the choices made in the risk assessment process can be characterized by quan-
tifying the impact of plausible alternative assumptions at critical steps. The risk estimates
can be most fully characterized by performing probabilistic analyses when possible and
by presenting the range of possible risk estimates rather than by reporting the single point
estimates. Risk characterization should provide useful information to risk managers to help
them understand the variability and uncertainty in the risk estimates.

Chapter 6 of the present report provides additional recommendations on developing
alternative risk estimates in light of plausible alternatives to defaults. The Red Book points
out that “risk characterization, the estimate of the magnitude of the public health problem,
involves no additional scientific knowledge or concepts” (NRC 1983, p. 28). Rather, it calls
for synthesizing information from the preceding analyses with special attention to identifying
uncertainties and their impact on the assessment (see Chapter 4 of this report).

The Role of Time

Time is a major and rarely acknowledged influence in the nature and quality of environ-
mental risk assessment in EPA. Some time factors are immediately obvious. The statutory
deadlines for some regulatory decisions necessarily require completed risk assessments to
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meet the deadlines. When EPA fails to meet a standard-setting deadline, as often happens,
regulated entities, advocacy groups, and other interested parties exercise their statutory
right to bring “deadline” suits, which result in court orders to issue standards by a specified
date. The result may bring closure to an assessment that has been languishing or lead to an
assessment that meets the deadline but falls short of some scientific standards.

Such statutory requirements constitute advance notice of the need for specific risk as-
sessments in specified timeframes and can lead to regular schedules for many assessments
and related analyses. Examples of such requirements include the 5-year cycle for review and
revision of the national ambient air quality standards (Section 109) and the 8-year deadline
for maximum achievable control technology (MACT) standards for hazardous air pollutants
(Section 112) under the CAA amendments of 1990. In 1996, Congress set new deadlines for
pesticide actions under the FQPA, requiring the agency to reassess the risks of all existing
pesticide food tolerances (standards) over a ten year period; that same year Congress enacted
a new Safe Drinking Water Act requiring the agency to select five new contaminants each
year for decisions on maximum contaminant levels (MCLs) for drinking water.

Several predictable but highly variable factors can upset the best-laid plans. The most
obvious is the unavailability of scientifically reliable and context-relevant data and methods.
Other situations can be cited. Some involve new research or monitoring data that identify
issues that affect the assessment or information on the imminent appearance of new studies
expected to make a substantial difference in the analysis; others involve emergency environ-
mental problems or changes in political priorities that result in reassignment of resources
and staff to other assessments. Undue political influence in the process can also result in
delays (GAO 2008). And initial planning may have been inadequate with regard to what
could reasonably be achieved with available data and resources and the corresponding set-
ting of unreasonable expectations.

In some circumstances, EPA is faced with an abundance of data, especially on high-profile
chemicals. Specifically, where chemicals have been studied for many years, multiple studies
of comparable quality on a single chemical may yield different results, in some cases large
differences in RfDs or risk and in other cases slight but critical differences—a situation that
invites debate and controversy and may take years to resolve. In these circumstances, new
studies and new data, while at the same time shedding light on assessments, can complicate
reviews (Box 2-7). However, it is important to recognize the value of analyses that synthesize
data across a number of different studies and end points, which can result in a more precise
and defensible analysis.

In addition to recommending attention to previously unavailable new studies, almost ev-
ery peer review recommends research that would improve the assessment. Recommendations
of both types hold the prospect of reducing uncertainty and contributing to a more reliable
risk assessment. Such recommendations also invite delay, require additional resources, and
contribute to ambiguity as to whether the assessment is scientifically sufficient. Such delay
can have significant impact on communities who are awaiting risk assessment results to make
decisions regarding the safety of their neighborhoods where hazards may be present.

Iteration is an important feature of an adequate risk-assessment process and should be
built into the planning. Addressing late-arising problems uncovered in discussion between
assessors and managers will improve the assessment but may also delay its completion.
Similarly, stakeholder and peer-review involvement brings many benefits but may extend the
process. Changing administrations may also add to the time required.!

1SEPA’s recent dioxin reassessment and cancer guidelines are examples. Specifically, the dioxin report or parts
of it were submitted for peer review on several occasions from 1992 to 2003, when a National Research Council

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

EVOLUTION AND USE OF RISK ASSESSMENT IN EPA 47

Box 2-7 Impact of New Studies

In 1997, concern about the effects of human exposure to mercury led Congress to request a
National Research Council review of EPA’s RfD for methyl mercury (MeHg). At the time, scientists
were awaiting results from studies of three populations because the existing RfD was based on a
1987 study of 81 Iraqi children accidentally exposed in utero (NRC 2000a, p. 306). Noting that MeHg
exposures in the Iraqi study population were not comparable with low-level chronic exposures expected
in North American populations, the National Research Council committee recommended basing the
RfD on new studies that were incomplete at the time of the 1997 Mercury Study Report to Congress
(EPA 1997b).

A National Research Council committee recommended that EPA retain the 0.1-pg/kg per day RfD
but replace the study used to set the RfD with new studies: “Since the establishment of the current RfD,
results from the prospective studies in the Faroe Islands (Grandjean et al. 1997, 1998, 1999) and the
Seychelles (Davidson et al. 1995a,b, 1998), as well as a peer-reviewed re-analysis of the New Zealand
study (Crump et al. 1998) have added substantially to the body of knowledge concerning the develop-
mental neurotoxic effects of chronic low-level exposure to MeHg” (NRC 2000a, p. 312).

Similarly, National Research Council recommendations on the long-running dioxin assessment
expand the scope of the assessment: “EPA is encouraged to review newly available studies on the ef-
fects of TCDD on cardiovascular development in its risk assessment for noncancer end points” (NRC
2006, p. 174).

Perchlorate (Box 2-6) provides an example of how emerging data may inform risk after an as-
sessment has been finalized.

The iterative nature of risk assessment and research ensures that new data will enter the process.
The salutary effect of new data can also result in additional time for analysis and incorporation of data
into the risk assessment.

In some ways, problems with timeliness are inherent in a decision-making environment
that places a premium on “sound science” or “credible science.” The nature of the conflict
can be understood if it is recalled that the scientific process of seeking the truth, by design
and to its credit, has no natural end point. In addition, the training of scientists, by design,
and the embedded cultural traditions, such as requiring p values in tests of significance, instill
values of prudence, replication, scientific debate, and peer review as prerequisites of a conclu-
sion characterized as “sound science.” This issue is discussed in more detail in Chapter 3.

INSTITUTIONAL ARRANGEMENTS FOR MANAGING THE PROCESS

Consideration of EPA’s risk-assessment accomplishments and shortfalls and of the effects
of policy and time leads to questions about institutional arrangements for “managing the
process,” the subtext of the Red Book. EPA has established an enormous array of programs
for this purpose. The combination of people and programs reflects close attention to statutory
requirements and advisory-body recommendations. That salutary orientation around diverse
statutory requirements also leads to criticism of “apparent inconsistencies in risk assessment

panel undertook the most recent review. EPA’s cancer guidelines were first published for comment and peer review
in 1996; intermediate reviews took place before publication as final guidelines in 2005. Work began on both
documents in the late 1980s. The development period included changes in the general approaches to risk assess-
ment and specific new data and theories regarding cancer risk assessment and the toxicity of dioxin. In addition,
several changes at the White House during this period led, at different times, to EPA decision-makers with different
constituencies.
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practices across EPA” (EPA 2004a, p. 14), which are traceable to statutory and managerial,
as well as scientific, factors and to calls for greater coordination of agency programs.

Environmental Protection Agency Risk-Assessment Programs and Activities

EPA’s major program offices have scientific responsibilities on the one hand and regu-
latory responsibilities on the other. For scientific data development and risk assessment,
the agency relies on environmental professionals trained in diverse technical disciplines,
such as chemistry, geology, toxicology, epidemiology, statistics, and communication. For
risk management and regulatory decision-making, professionals in economics, engineering,
law, and other fields work with agency policy-makers to shape regulatory decisions. As
indicated in agency guidelines and other documents, assessors and managers have different
roles but interact regularly throughout the process (EPA 1984, 2003d, 2004b; Table D-1,
sections on “distinguishing linking risk assessment and risk management” and “problem
formulation”).

In addition to different statutes and scientists with expertise in many fields, EPA’s risk-
assessment work takes place in a variety of organizational and geographic locations and
includes collaborative activities with numerous public and private scientific organizations.
The result is a complex set of interactions that strengthen the agency’s risk-assessment pro-
cesses in the main, but the diversity of inputs also introduces drawbacks.

Each major program office manages several risk-assessment activities. For example, the
Office of Water has programs for conducting health risk assessments under the Safe Drinking
Water Act (SDWA) and ecologic risk assessments under the Clean Water Act. The Office of
Air and Radiation conducts human health risk assessments for use in setting regulatory stan-
dards related to “criteria” pollutants (such as particulate matter [PM] and sulfur dioxide), in
a different program “hazardous” pollutants (such as arsenic and mercury) from stationary
sources, and in still another program pollutants from cars and other mobile sources. That
office is also responsible for assessments related to stratospheric ozone depletion and acid
rain. As evident in EPA’s Science Inventory (EPA 2005d), other agency offices have compa-
rably wide-ranging programs for a total set of activities that almost defies description. The
diverse risk-assessment tasks impose demands for both breadth and quality in staffing and
managing these activities.

Several offices have overarching responsibilities to help meet the demands. ORD con-
ducts environmental research at more than 10 laboratories and centers around the country.
The laboratories are organized around the basic units in the risk-assessment paradigm (for
example, effects, exposure assessment, and risk characterization). ORD plans, conducts, and
oversees most EPA risk assessments and risk-assessment-related research for the agency as
a whole. In addition to its core program of fundamental research, a substantial portion is
planned in collaboration with program and regional offices to address data needs for regu-
lation. In keeping with congressional and agency guidance priorities, ORD-led multioffice
research-planning teams coordinate planning and budgeting in line with data needs identified
by program and regional offices. However, it is important to note that because EPA relies
heavily on data in the published literature and these are not the studies conducted by EPA,
there is no mechanism for developing the data necessary to address emerging issues, and this
contributes to a scarcity of data on particular agents.

ORD scientists coordinate generic risk-assessment activities, such as guideline develop-
ment and the reference-dose-reference-concentration (RfD-RfC) process, including manage-
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ment of the IRIS database. ORD also conducts individual chemical-specific assessments at
the behest of program and regional offices and, variably, in collaboration with them.!¢

Some offices are staffed to meet particular needs. In keeping with its responsibilities to
oversee the safety of pesticide products, OPP employs a highly specialized scientific staff to
evaluate data related to testing and licensing requirements for new pesticides before they are
marketed and to conduct risk assessments to set limits on the use of pesticides as appropriate.
Because pesticides are toxic by definition, this office has special statutory authority to man-
date testing procedures and require specific scientific data from pesticide manufacturers.

The authority to mandate data generation in that way is not generally available to other
offices, which depend on ORD, the scientific literature, and outside contractors. One of the
paradoxes of the risk-assessment process is that the same scientific uncertainties that hamper
and complicate risk assessment stimulate the development of new data and methods. For
example, scientific uncertainties and controversy related to standards under development
for PM led to special funding for new research to reduce the uncertainties (see NRC 1998,
1999a, 2001a, 2004).

EPA regularly incorporates the expertise of external scientists into its risk-assessment
activities. The agency has extensive long-term and ad hoc collaborative relationships with
numerous risk-assessing entities in the public and private sectors. Public-sector partners
include other federal entities, such as the National Toxicology Program, which is admin-
istratively housed in NIEHS; Argonne and other Department of Energy national laborato-
ries; and the FDA National Center for Toxicological Research. Private-sector collaborators
include the Health Effects Institute in Boston, ILSI, and the American Chemistry Council
in Washington. EPA scientists also participate in numerous international programs, such as
the UN International Programme on Chemical Safety (IPCS), of which the World Health
Organization (WHO) is a partner. The IPCS Harmonization Project, which is designed to
harmonize approaches to the assessment of risk, has been a particularly influential partner
with EPA in advancing the practice of risk assessment.

EPA’s ten regional offices have risk-assessment and regulatory activities correspond-
ing to those in the major program offices but focused at the local level. They have diverse
risk-assessment responsibilities. Scientists interact with EPA program offices in Washington,
DC, and ORD risk-assessment centers and laboratories on the one hand and with nongov-
ernment organizations and state, local, and tribal entities on the other. In some cases, the
regional offices apply risk assessments or toxicity values (for example, RfD, RfC, or potency
estimates from IRIS) developed elsewhere to regional problems; in other cases, they develop
region-specific assessments. Through those interactions, state, local, and tribal information
and perspectives become part of the process.

The diverse inputs to risk assessment in EPA are a natural outgrowth of the diverse
environmental problems facing the nation and the agency and of the scientific complexities
of the risk-assessment process. Several EPA activities, including risk-assessment guidelines
and the RfD-RfC process, are designed to counteract the effects of compartmentalization
by standardizing and unifying some of the diverse elements. In addition, the Office of the
Science Advisor coordinates the work of two standing committees with agencywide, rather
than program-specific, risk-assessing responsibilities. The Risk Assessment Forum was char-
tered in response to recommendations in the 1983 Red Book. Somewhat later, the agency
set up a Risk Management Council composed of senior EPA risk managers with oversight

16In addition to the ORD laboratories, program and regional offices manage laboratories, such as that in Ann
Arbor for the air program, that in Bay St. Louis for the pesticide program, and the National Enforcement Inves-
tigation Center in Colorado.
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responsibilities for forum activities. Later, renamed and rechartered as the Science Policy
Council, that group has enlarged its membership and responsibilities to address a variety
of science-policy issues.

Risk Management: Regulations and Risk Assessment

EPA statutes lodge responsibility for regulatory decisions with the EPA administrator
and the assistant administrators who head the program offices. All are political appointees
who require Senate confirmation and generally change when the White House changes
hands. In their roles as risk managers, those officials are responsible for using completed
risk assessments with information from other disciplines to shape regulatory decisions. In
addition, they and other risk managers provide oversight for the risk-assessment process
from inception to conclusion.

As indicated above, the 1983 Red Book stressed the importance of a “conceptual dis-
tinction” (p. 7) between risk assessment and risk management but rejected the concept of
“institutional separation” between the processes. EPA adheres to those principles in the sense
that, although assessors and managers are colocated and interact regularly, assessors do not
set standards and decision-makers do not conduct risk assessments.

Owing to the committee’s statement of task, this chapter has focused on the evolution
of risk assessment and related practices. The committee considers that the same degree of
concern about uncertainty, variability, and inferences that has been applied to the assessment
of risks should also be applied to the assessment of costs, but this was beyond the scope
of this report. For example, economists on the administrator’s planning, evaluation, and
innovation staff provide information and analyses on costs and benefits for use in making
regulatory decisions and for the regulatory impact analyses (RIAs) that accompany major
regulatory actions. (The benefits are computed from the results of risk assessments.) In addi-
tion, many program and regional offices have units responsible for analysis of the economic
benefits of proposed decisions and regulatory actions. ORD’s National Risk Management
Research Laboratory in Cincinnati conducts engineering research for use in developing and
evaluating the technical feasibility of pollution-control methods used in formulating regula-
tory options. In accord with statutory directives, EPA program and regional offices interact
with state and local offices on implementation and compliance issues, such as schedules,
costs, feasibility, impacts, and enforcement.

Regarding regulation development, as indicated earlier, the Red Book emphasis on the
“conceptual distinction” between risk assessment and risk management reflects the statutory
dichotomy between information used in assessing risk and other kinds of information—“the
public health, economic, social, political consequences of regulatory options” (Figure 2-
1)—used with risk-assessment results to determine “agency decisions and actions.” For
example, in evaluating whether a pesticide poses an “unreasonable risk” to health or the
environment, the pesticide law (FIFRA) calls for consideration of the economic, social, and
environmental costs of using the pesticide. EPA “interprets this broad statutory language to
mean that any significant benefits to public health through disease control or prevention,
or through vector control, need to be considered in the suspension, cancellation, or denial
of an application for registration or a determination of ineligibility for deregistration of a
public health use of any pesticide that offers such benefits” (EPA 2007b). In the same vein,
the 1996 amendments to the SDWA explicitly direct EPA to evaluate incremental benefits,
costs, and risks associated with compliance with alternatives—a more specific delineation
of nonscience considerations than in the original enactment.

Differences between the information base for risk assessment, which has science at its
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core, and that for the regulatory decision, which takes account of costs and other nonrisk
factors, mean that regulatory decisions are not necessarily congruent with risk assessment.
That is, concern about, for example, economic consequences or societal impacts may out-
weigh public-health or environmental concerns in such a way as to make a regulatory deci-
sion more or less protective than if the decision were based solely on the risk assessment. An
additional asymmetry is that the uncertainties associated with cost and benefits are rarely
considered although these uncertainties are often explicitly acknowledged in the risk assess-
ment. The distinction between the SDWA’s maximum contaminant level goal (MCLG) and
the maximum contaminant level (MCL) illustrates the point: the MCLG for a carcinogenic
contaminant may be zero, but costs and feasibility concerns may lead the agency to set a
regulatory standard, the MCL, to allow a higher level of contamination (see Box 2-8).

Some statutes authorize a combination of risk assessment and “technology-based”
processes in setting regulatory standards. Such standards as the SDWA’s MCL illustrate the
special case of “technology-based” standards for which a decision does not depend only on
risk assessment. Rosenthal et al. (1992) explain that the SDWA calls for MCLGs, “which are
concentrations at which no adverse human health effects are believed to occur.” A health-
based MCLG is not an enforceable limit. For enforcement purposes, the statute directs EPA
to establish a MCL as close to the MCLG as “feasible with the use of the best technology,
treatment techniques, and other means which the Administrator finds after examination
for efficiency under field conditions . . . are available (taking costs into consideration)” (42
USC § 300g-1).

Other examples appear in the CAA. The 1990 amendments introduced a two-part
scheme—part technology-based, part risk assessment—for 189 toxic pollutants regulated
under Section 112 of the CAA. The first step directs EPA to identify major emitters of the

BOX 2-8 Arsenic in Drinking Water: Uncertainties and Standard-Setting

On January 22, 2001, EPA issued a pending standard of 10 pg/L as the maximum contaminant
level of arsenic in drinking water. Although the scientific analysis underlying the proposal and the pro-
posal itself had been peer-reviewed by both the EPA SAB (1995) and the National Research Council
(1999b) and had gone through the public comment process, EPA on March 23, 2001, issued a notice
delaying the effective date of the standard to address questions about the science supporting the rule
and about the expected implementation costs for affected communities.

The National Research Council peer-review committee identified uncertainties and data gaps of
several kinds (NRC 2001b):

More research is needed on the possible association between arsenic exposure and cancers other than skin,
bladder, and lung, as well as noncancer effects. . . . In addition, more information is needed on the variability
in metabolism of arsenic among individuals, and the effect of that variability on an arsenic risk assessment.
Laboratory and clinical research is also needed to define the mechanisms by which arsenic induces cancer
to clarify the risks at lower doses [p. 10].

Nonetheless, the committee made it clear that data gaps and uncertainties do not disqualify the
risk assessment for decision-making.
There is a sound database on the carcinogenic effects of arsenic in humans that is adequate for the purposes
of risk assessment. The subcommittee concludes that arsenic-induced internal (lung and bladder) cancers
should continue to be the principal focus of arsenic risk assessment for regulatory decision making, as dis-
cussed and recommended in the 1999 NRC report [p. 10].

A final 10-pg/L standard was issued in 2002; EPA and Congress continue to study costs and
technical issues associated with implementing the standard (Tiemann 2005).
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pollutants among diverse source categories and requires that these sources use MACT within
specified time limits. The second step takes risk into consideration: 8 years after promulgation
of MACT standards to limit emissions of the 189 (later reduced to 187)'7 pollutants; EPA
was required to evaluate the residual risk to the population and promulgate more stringent
standards if necessary “to provide an ample margin of safety to protect public health”
(1990 Amendments to the Clean Air Act, Title III, § 301 (d)(9)). The law specifies that for
known, probable, or possible human carcinogens, the administrator is to promulgate revised
standards if the MACT standards do not reduce the risk incurred by “the individual most
exposed to emissions” from the source of pollution to less than one in a million. With the
focus on the “individual most exposed,” EPA models exposure with fine spatial resolution to
characterize the maximum level of exposure associated with a toxic air pollutant. Chapter 4
reviews the current state of the science on variability in susceptibility to cancer, and Chapter
5 provides recommendations to EPA for considering this variability in risk assessments.

The CAA takes a different approach in setting national ambient air quality standards
for criteria air pollutants (ozone, PM, carbon monoxide, sulfur dioxide, nitrogen oxides,
and lead). Those standards are based solely on health criterial® without consideration of
the cost and feasibility of compliance, which are reserved for later evaluation in developing
state implementation plans. In this decision context, risk assessment plays a role in setting
the NAAQS and in the RIAs generally used to evaluate control strategies for criteria air
pollutants.

Strategic Planning, Priority-Setting, and Data Development

Scientifically informed strategic planning is critical. Reliable and relevant scientific data
are major determinants of the quality of any risk assessment. As a result, the availability
of such data strongly influences the agency’s ability to improve its assessments in line with
new methods, statutory directives, or advisory-body recommendations. In turn, the scientific
quality and timeliness of reliable data depend in part on factors common to scientific work
in general, such as the availability of methods and data needed to complete the assessment
of any particular chemical. Near-term examples include emerging data and methods to
understand modes of action that contribute to clarifying and reducing uncertainty in risk
assessments. Another example is related to current studies of the use of new genomics and
nanotechnology data and methods for environmental risk assessment.

In addition, and separate from state-of-the-science questions, data availability depends
on congressional and White House subject-matter interests that determine budget priorities
for annual and long-range data development. Examples include a 12-year congressional
earmark for PM research and chemical-specific allocations or directives related to arsenic.
At a different level, agencywide strategic planning, priority-setting, and budgeting processes
determine how risk-assessment resources are allocated among EPA programs (for example,
air vs water vs IRIS), entities (external grants vs EPA laboratories), practices (basic research
vs routine monitoring), and prospective risk assessments (for example, dioxin vs arsenic vs
a particular Superfund site).

Decisions on those issues are part of the annual planning and budgeting process, which
involves scientists and managers with risk-assessment responsibilities in ORD laboratories

17The original list of hazardous air pollutants (HAPs) contained 189 compounds; however, caprolactam (see
61 Fed. Reg. 30816 [1996]) and methyl ethyl ketone (see 70 Fed. Reg. 75047 [2005]) were later delisted, reducing
the number of HAPs to 187.

18The statute also calls for “secondary,” or welfare standards to protect the environment and property.
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and program and regional offices. The resulting budget and subject-matter priorities are
crucial in the availability or nonavailability of relevant data for risk-assessment purposes
and thus in the quality of agency risk assessments. Although changes in budget allocations
and priorities have resulted in more funding in such fields as computational toxicology and
nanotechnology and less funding for postdoctoral research fellowships and intramural and
extramural research, the fact remains that, in real dollar terms, EPA’s research and develop-
ment funding is nearly unchanged since at least 1990, and has been steadily declining since
fiscal year 2004 (Coull 2007). The resulting budget and subject-matter priorities also influ-
ence the availability and workload of scientists who have the risk-assessment experience
needed to study issues raised in the statement of task.!?

EXTRAMURAL INFLUENCES AND PARTICIPANTS

Executive Orders: Risk-Assessment Policy

As indicated above, congressional legislation determines the broad outlines of risk-as-
sessment principles and practices. The White House influences the process through executive
orders addressing diverse risk-assessment topics and activities. Executive orders directing
EPA (and other agencies) to expand the scope of their risk-assessment programs to cover cu-
mulative risks?? and children’s risks,?! in combination with related congressional legislation,
led to new emphases as to data collection and approaches to risk analysis.22 Furthermore,
such provisions as Section 3-301(a) in Executive Order 12898 on environmental justice are
highly specific as to the kind of data required:

Environmental health research, whenever practicable and appropriate, shall include diverse
segments of the population in epidemiological and clinical studies, including segments at high
risk from environmental hazards, low income populations, and workers who may be exposed
to substantial environmental hazards.

Historically, Office of Management and Budget (OMB) oversight of EPA regulatory
activities has focused on planning and budget, congressional directives and priorities, cost-
benefit issues, and related administrative and accountability matters. In recent years, OMB
has greatly expanded its involvement in risk-assessment practices to include governmentwide
information-quality guidelines (67 Fed. Reg. 8452 [2002]), an “Information Quality Bul-
letin for Peer Review” (70 Fed. Reg. 2664 [2005]), a “Proposed Risk Assessment Bulletin”
(OMB 2006), and a memorandum on “Updated Principles for Risk Analysis” (OMB/OSTP
2007). The present committee did not assess the impact of OMB oversight on EPA risk
assessment.23

19Such advisory bodies as the National Research Council, the National Science Foundation, EPA’s SAB, and EPA’s

Board of Scientific Counselors regularly review and comment on EPA’s research priorities, both annual and for
long-term strategic planning. See, for example, NRC 1998, 1999a, 2000b, 2001a, 2004; and www.EPA.gov/SAB.

20From Executive Order 12898 (February 11, 1994): “Environmental health analysis, whenever practicable and
appropriate, shall identify multiple and cumulative exposures.”

21From Executive Order 13045 (April 21, 1997): Federal agencies “shall make it a high priority to identify and
assess environmental health risks and safety risks that may disproportionately affect children.”

22Indeed, these executive orders led to the creation of the EPA Office of Environmental Justice and, later, the
Office of Children’s Health Protection.

230OMB and several government agencies asked the National Research Council to review the “Proposed Risk
Assessment Bulletin.” In its report (NRC 2007), the review committee lauds the goal of increasing the quality and
objectivity of risk assessment in the federal government, but “concludes that the OMB bulletin is fundamentally
flawed and recommends that it be withdrawn” (p. 6).
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In sum, many factors—statutory requirements, the diverse array of environmental prob-
lems and agency programs, executive orders, OMB directives, and the vagaries of the risk-
assessment process—give rise to risk-assessment practices and individual assessments that
differ in form, information content, and analytic quality. Such diversity demands informed
and experienced attention to managing the process.

Executive Orders: Regulatory Policy

Several executive orders illuminate the role of the White House in risk management
and regulatory decision-making. Described as a “cornerstone of White House administra-
tive policy” (OMB Watch 2002), Executive Order 12866 (October 4, 1993)%* calls for each
agency head to designate a regulatory-policy officer and outlines requirements related to risk
assessment, cost-benefit analysis, performance-based regulatory standards, and other aspects
of regulation development. A recent amendment, Executive Order 13422 (Jan. 18, 2007),
requires the regulatory-policy officer to be a presidential appointee. The present committee
did not assess the impact of those and other executive orders on EPA risk assessment.

Public Participation

EPA relies on information from the public in developing both general principles and
risk assessments of individual chemicals. By law, EPA, like other federal agencies, is required
to publish proposed regulations (including any underlying scientific analysis) in the Federal
Register, invite public comments, and consider the comments in its final decision. EPA often
follows that process for guidance documents that apply only internally (for example, risk-
assessment guidelines) and for preliminary analyses used in rule-making. In addition, sepa-
rately from the peer-review activities discussed above, the agency often convenes scientific
experts to discuss strategic planning and research priorities and to introduce and develop
background documents. Notice is given in the Federal Register, and the public is invited to
observe and comment during the session.

Public meetings, workshops, and the notice and comment process are avenues for
stakeholders to present risk-assessment-relevant information and opinion. One example
is the Pesticide Program Dialogue Group, a forum established in 1995 for a diverse group
of stakeholders to provide feedback on issues from nonanimal testing to endangered spe-
cies to risk assessment. The group includes pesticide manufacturers, public-interest and
advocacy groups, and trade associations. It is one of several groups on pesticide issues,
with corresponding groups in other agency offices, such as those which involve air-program
consultation with state and local air-pollution programs and waste-office consultation with
responsible parties and community groups regarding Superfund sites. EPA regional offices
work closely with the Indian tribes on selected issues. Thus, EPA expressly solicits informa-
tion from interested and knowledgeable parties, whether scientists or nonscientists.

EPA’s statement of task anticipates near-term and long-term improvements in risk as-
sessment as a result of the present report. New approaches can be expected to require ad-

24Executive Order 12866 replaces and extends Executive Orders 12291 and 12498, issued during the Reagan
administration. It directs federal regulatory agencies, including EPA, to “assess both the costs and the benefits of
the intended regulation and, recognizing that some costs and benefits are difficult to quantify, propose or adopt a
regulation only upon a reasoned determination that the benefits of the intended regulation justify its costs” [Sec.
(b)(1)]. The order requires EPA to conduct a formal RIA for proposed regulations expected to impose economic
costs in excess of $100 million per year.
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BOX 2-9 Risk-Assessment Planning: Multiple Participants

The committee that produced Understanding Risk (NRC 1996) identified several criteria for judg-
ing success at the end of the process: getting the science right, getting the right science, getting the
participation right, getting the right participation, and developing an accurate, balanced, and informative
synthesis. As discussed below (Chapter 3), achieving those objectives depends in part on informed
“planning and scoping” activities involving risk assessors, risk managers, and interested and affected
parties. The emphasis on the “right” participants as well as the “right” science is important (McGarity
2004):

There is little evidence that the scientific information that the agencies are currently using and disseminating
is unreliable. Virtually all of the challenges that have been filed so far under the [2004 Information Quality
Act] have involved disputes over interpretations, inferences, models and similar policy issues, and not the
“soundness” of the underlying data.

justments of agency processes for allocating funds, scheduling research, expanding training,
and other activities. New methods may also require enhanced peer review and expanded
public participation to ensure that affected and interested parties in and outside the regu-
lated community have an opportunity to contribute to new approaches and are prepared
for change (see Box 2-9).

Peer Review, Quality Control, and Advisory Committees

Quality-control and peer-review procedures are particularly important when new ap-
proaches are introduced into the risk-assessment process. EPA uses several mechanisms to
ensure the quality and relevance of laboratory and field data. In addition to general methods
and guidelines, including uniform guidance applicable to all federal agencies, the major pro-
grams have program-specific methods related to, for example, air emissions, microbiologic
contaminants, and underground storage tanks (EPA 2007c).

Similarly, EPA’s peer-review program gives attention to new approaches and individual
risk assessments. For example, a subcommittee of EPA’s SAB monitored the development
of EPA’s first guidelines for ecologic risk assessment. Of course, assessments of individual
chemicals based on new methods are subject to statutory requirements for peer review, such
as the CAA requirement for review of the scientific basis of national ambient air quality
standards and the FIFRA requirement for EPA’s Scientific Advisory Panel (SAP) review of
the scientific basis of some pesticide decisions. Other statutes require SAB review of a wide
variety of analyses (see Box 2-10).25

Independent advisory committees that provide information and advice on special topics
may contribute to new approaches. In addition to advisory committees required by statute,

25In response to recommendations from the EPA SAB and others (EPA 1992d), EPA peer-review policies issued
in 1992 call for external review of scientific assessments not subject to statutory requirements. The processes were
reinforced and augmented (and in some ways redefined) by OMB’s 2002 governmentwide directive on peer re-
view applicable to all federal agencies (67 Fed. Reg. 8452 [2002]). EPA risk assessments and underlying scientific
analyses are also peer-reviewed when laboratory scientists, as well as those in program and regional offices, publish
work developed for risk-assessment use in scholarly journals. That work includes individual laboratory or field
studies on toxicology, epidemiology, and monitoring and subunits of risk assessment, such as hazard identification
and exposure analysis.
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BOX 2-10 After Peer Review

Peer review is not an end in itself. Ideally, peer review identifies deficiencies, suggests modifica-
tions, and otherwise leads the agency to improve a risk assessment to conform more fully with scientific
standards and to guide decision-making and support regulatory standards. Two situations invite inquiry
and attention because, while enhancing the assessment, they also cause delays and add costs to the
risk-assessment process.

e Peer-review “spirals” involve repeated reviews that return assessments to the agency for further
revision because the agency has not responded adequately to science-based recommendations in
earlier reviews or because of science-policy debates or inadequacies in the peer-review process itself
(GAO 2001). Recent examples include the reviews of dioxin and the cancer risk-assessment guidelines
(see 68 Fed. Reg. 39086 [2003]; EPA 2005a; NRC 2006).

e Some assessments fail to reach closure or completion within a typical period after peer review.
An example of such an unfinished assessment is that of dichloromethane (methylene chloride), which
was peer-reviewed by the SAB in 1987; the health assessments remain in draft form (EPA 1987b,c), and
the SAB comments have never been incorporated (EPA 2003e). The EPA assessment (EPA 1987b,c)
at the time was regarded as a good example of the use of pharmacokinetic modeling. Specifically, the
SAB review stated (EPA SAB 1988, p. 1) that “the Subcommittee concludes that the Addendum [EPA
1987c] was one of the best documents it has reviewed in terms of its clarity, coverage of the data and
analysis of scientific issues. This document clearly demonstrates the potential utility of pharmacokinetic
data in risk assessment. EPA should continue to use this approach in future risk assessments, when-
ever scientifically possible.”

A confluence of factors may explain extended timeframes and unfinished assessments, including
scientific complexity and controversy, a continually evolving database, and stakeholder and advocacy-
group demands. Contributing factors in the case of dichloromethane were the absence of strong
regulatory pressure for the assessment; the increasing importance of other chemicals, including tri-
chloroethylene and tetrachloroethylene; and the replacement of dichloromethane with substitutes (L.
Rhomberg, Gradient Corporation, Cambridge, MA, personal commun., May 31, 2007).

EPA is scheduled to update the IRIS value for dichloromethane in the middle of 2009 (Risk Policy
Report 2007; 40 CFR Part 63 [2007]).

such as the SAB and SAP, EPA has chartered committees to provide advice on selected issues
pertinent to risk assessment, such as research planning and priorities (the Board of Scientific
Counselors), endocrine-disrupting chemicals (the National Committee on Endocrine Disrupt-
ing Chemicals and Toxic Substances), and children’s health (the Children’s Health Protection
Advisory Committee) (www.EPA.gov).

International Organizations

EPA consults and collaborates with programs associated with the risk-assessment arms
of numerous international organizations. EPA scientists sit on numerous international com-
mittees including the IPCS, the International Agency for Research on Cancer (IARC)/WHO,
the International Commission on Radiological Protection, and the Intergovernmental Forum
on Chemical Safety; participate in the writing of scholarly papers; and conduct risk-assess-
ment training in conjunction with these international organizations. As with state and local
regulatory bodies, EPA and these organizations share scientific data, exchange information
on developments in risk assessment, and work to harmonize risk-assessment concepts and
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guidelines. Those interactions provide opportunities for EPA scientists to be alert to advances
made in the organizations that will contribute to new approaches under way in EPA.

In sum, several mechanisms are available to inform and upgrade EPA risk-assessment
processes. Beyond the basic procedures outlined above, complementary planning and over-
sight activities make it clear that the risk-assessment enterprise involves more than its basic
scientific elements. Numerous overarching factors—tangible and intangible, scientific and
nonscientific—shape the process and influence the quality of agency assessments.

CONCLUSIONS AND RECOMMENDATIONS

Congressional mandates give EPA a diverse set of risk-assessment and regulatory re-
sponsibilities. The process is informed by many factors, including congressional legislation,
generic guidance, and advice from scientific advisory bodies, peer-review recommendations
specific to individual risk assessments and guidelines, information from stakeholders and
other interested parties, and the principle of comity with other government entities (state,
local, and international) on risk-assessment issues. The result is a complex set of risk-assess-
ment activities that have drawn high praise in many cases and sustained criticism in others.
The process recommendations below identify institutional and management issues that
require sustained attention by agency leadership. Except for the longer timeframe expected
for new guidelines (see final recommendation), the committee contemplates implementation
in the immediate and near future.

Conclusions

e Some deficiencies in current EPA risk-assessment practices can be attributed in part
to the unavailability of relevant data and methods. Those limitations head the list of EPA
concerns about implementing future recommendations for improvement (Appendix E).
Implementing several of the recommendations in the present report will require additional
data and methods related to each of the three analytic fields in the Red Book paradigm. In
addition, new kinds of data or methods will be required to enable EPA to undertake analyses
that are given new emphasis or recommended for the first time here.

e Although EPA has a 20-year history of issuing guidelines and other reports designed
to implement recommendations for improvement offered by the National Research Council
and other advisory bodies, moving from policy to practice has in some cases been incomplete
or only partially effective (as to provisions put into practice) and in others uneven (as to use
for all assessments in all parts of the agency, where applicable).

e Effective use of new methods and attention to new policies require instruction and
training for both experienced risk assessors and newcomers. And putting new policies and
methods into practice—that is, moving beyond policy documents—requires understanding
and appreciation on the part of agency managers and decision-makers.

e Historically, guideline development in EPA has taken from as little as 3 years to
more than 15 years (for example, the cancer guidelines were issued in 2005 after a 15-year
development period). Improvements in risk assessment will involve issuing new guidelines,
revising existing guidelines or issuing supplemental guidance, and implementing existing
guidelines more effectively.
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Recommendations

e The committee seconds the Government Accountability Office recommendation that
the administrator of the Environmental Protection Agency direct agency offices to “more
proactively identify the data most relevant to the current risk assessment needs, including
the specific studies required and how those studies should be designed, and communicate
those needs to the research community” (GAO 2006, p. 69). The committee recommends
that the Environmental Protection Agency consider recommendations in the present report
as part of that process.

e Putting recommendations from this report into practice will require additional staff
in fields that are now lightly staffed (for example, epidemiology and quantitative uncertainty
analysis) and new staff in fields that are generally understaffed relative to this report’s em-
phasis on the social-science components of environmental decision-making (for example,
psychology, sociology, economics, and decision theory).

e Agency leaders should give high priority to establishing and maintaining risk-assess-
ment and decision-making training programs for scientists, managers responsible for risk-
assessment activities, and other participants in the process. This reinforces the Government
Accountability Office recommendation that the Administrator of the Environmental Protec-
tion Agency “ensure that risk assessors and risk managers have the skills needed to produce
quality risk assessments by developing and implementing in-depth training” (GAO 2006, p.
69). A regular schedule of refresher courses is critical for such a program. This recommen-
dation calls for training to ensure that all relevant managers and decision-makers are fully
informed on risk-assessment principles and principles related to the other disciplines (such
as economics and engineering) that, with risk assessment, influence regulatory decisions.

e To reduce the effects of the compartmentalization resulting from the Environmental
Protection Agency’s organization around diverse statutory mandates, the administrator can
buttress the scientific talent brought to bear on improvement activities by revitalizing and
expanding interoffice and interagency collaboration through existing structures (for example,
the Risk Assessment Forum, the Science Policy Council, and the National Science and Tech-
nology Council Committee on Environment and Natural Resources) and by joining scientists
from other agencies (for example, the National Institute of Environmental Health Sciences
and the Food and Drug Administration) in these activities. This reinforces the Government
Accountability Office recommendation that the administrator of the Environmental Protec-
tion Agency “develop a strategy to ensure that offices engage in early planning to identify
and seek the expertise needed, both within the EPA workforce and from external subject
matter experts” (GAO 2006, p. 69).

e  The administrator of the Environmental Protection Agency should give special at-
tention to expanding the scientific and decision-making core in the regional offices to ensure
that they have the capacity to use improved risk-assessment methods and to meet their ob-
ligations for interaction with stakeholders, local agencies, and tribes.

e The Environmental Protection Agency should establish a tiered schedule for guide-
line implementation: (1) immediate and uniform use and oversight as to existing guidelines
and risk-assessment policies (for example, 1-2 years), except where inapplicable; a shorter-
term schedule for revision or updating of existing guidelines where appropriate (for example,
2-6 years); and a longer-term but definite schedule for development and issuance of new
guidelines (for example, 6-15 years).
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The Design of Risk Assessments

RISK ASSESSMENT AS A DESIGN CHALLENGE

Risk assessment is sometimes used to describe a process and sometimes to describe the
product of a process. The dual use can create confusion, but it also serves as a reminder that
the task of improving risk analysis necessarily requires attention both to desirable quali-
ties of the process and to desirable qualities of the product. Given that there are inevitable
constraints on efforts to assess risk and multiple objectives to be met, the selection of ap-
propriate elements of process and the specification of required elements of the final product
constitute a complex design challenge.

Well-designed risk-assessment processes create products that serve the needs of a com-
munity of consumers, including risk managers, community and industrial stakeholders, risk
assessors themselves, and ultimately the public. Multiple interpretations of the word design
apply to our presentation. One of the primary goals of design reflects the overall utility of
a product to its end users. A second key aspect of design is the assurance of technical qual-
ity. Many of the technical aspects of quality may not be apparent to end users, but they are
important prerequisites that provide the foundation for the quality of a decision-support
product. Finding the appropriate mix of technical quality and utility, given constraints, is
the essence of design of a decision-support product.

The Decision-Making Environment and the Importance of Process

Many decision-making situations involving matters of public heath and environmental
risk have five common elements: the desire to use the best scientific methods and evidence in
informing decisions, uncertainty that limits the ability to characterize both the magnitude of
the problem and the corresponding benefits of proposed interventions, a need for timeliness
in decision-making that precludes resolving important uncertainties before decisions are re-
quired, the presence of some sort of tradeoff among disparate adverse outcomes (which may
be health, ecologic, or economic outcomes, each affecting a different set of stakeholders),
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and the reality that, because of the inherent complexity of the systems being managed and
the long-term implications of many decisions (such as cancer latency, changes in the structure
of ecosystems, or multiple simultaneous sources of exposure), there will be little or no short-
term feedback as to whether the desired outcome has been achieved by the decisions.

The combination of uncertainty in the scientific data and assumptions (the “inputs”)
and inability to validate assessment results directly or to isolate and evaluate the impact of a
resulting decision (the “outputs™) creates a situation in which decision-makers, the scientific
community, the public, industry and other stakeholders have little choice but to rely on the
overall quality of the many processes used in the conduct of risk assessment to provide some
assurance that the assessment is aligned with societal goals.

Those challenging properties of the decision-making environment may be considered
particularly acute for many health and environmental decisions, but they are by no means
new to decision-makers generally. The academic discipline of decision analysis under un-
certainty, among others, has a rich literature on which to draw for methods and findings
(Morgan et al. 1990; Clemen 1996; Raiffa 1997). The importance of attention to process is
entirely compatible with the theory of the management sciences that defines a good decision
under uncertainty as one that uses the most appropriate processes and methods to assemble
and interpret evidence, to apply the decision-maker’s values properly, and to make timely
choices with available resources rather than defining a good decision only according to its
(apparent) outcomes. This attention to process is also compatible with arguments for the
inclusion of more deliberative approaches to assessment and decision-making. As such, the
most appropriate processes and methods in a given situation may be an appropriate balance
of deliberative and analytic methods, as advocated in NRC (1996).

Risk Assessment as a Decision-Support Product

The process of risk assessment involves generation of a number of individual products
that are combined to form a final product (which is often referred to as “the risk assess-
ment”). The final product of a risk assessment process is most often understood to be a
report. The present committee suggests that the product of a risk assessment should be
considered to include not only the report but various subproducts, such as computational
models and other information that is assembled during the process. The subproducts have
different uses and serve a variety of audiences. For example, a computational model with a
user-friendly interface may be at least as valuable in informing decision-making as the techni-
cal report most often associated with the term risk assessment. In addition, such subproducts
as dose-response assessments typically have value that transcends a particular decision-sup-
port application and may be used in thousands of future decision-support situations. It is
also useful to consider that risk assessments and individual subproducts experience a life
cycle (consisting, for example, of conception, design, development, testing, use, maintenance,
obsolescence, and replacement) that should be explicitly recognized.

The products of risk assessment may be thought of as, among other things, communica-
tion products. Their value lies in their contribution to the objectives of the decision-making
function, including their effects on the primary decision-maker and other interested parties
who participate in the decision or otherwise use the information that the products convey.
Although the effort expended in the process is largely scientific, the critical final process in
risk assessment is ultimately communication.
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The Quality of Risk Assessment Includes Both Process and Product Attributes

The decision-making environment associated with health and environmental risk man-
agement compels the various users of risk assessment to value and scrutinize the assessment
process. In addition, risk assessment is understood to result in a set of final products whose
specific attributes are critical for meeting their objectives. In a sense, it may be neither pos-
sible nor appropriate to separate the process from the product. The situation is somewhat
analogous to that of other products whose quality is more readily scrutinized with respect to
the process that is used rather than through scrutiny of detectable qualities of the final prod-
uct. For example, the safety aspects of the quality of complex engineered systems, medical
devices, and foods are increasingly scrutinized with respect to the quality of the process that
generates and maintains them rather than judged solely on the basis of measurable quali-
ties of the final product. Similarly, the final products of a risk assessment have a mixture of
detectable and undetectable qualities, and both the final product and the underlying process
must be considered in judging the overall quality.

Given the demands of health and environmental decision-making, perhaps the most ap-
propriate element of quality in risk-assessment products is captured in their ability to improve
the capacity of decision-makers to make informed decisions in the presence of substantial,
inevitable and irreducible uncertainty. A secondary but surely important quality is the abil-
ity of the assessment products to improve other stakeholders’ understanding and to foster
and support the broader public interests in the quality of the decision-making process (for
example, fairness, transparency, and efficiency). Those attributes are difficult to measure,
and some elements of quality often cannot be judged until some time after the completion
of the risk assessment.

Formative and Iterative Design of Risk Assessments

For the committee’s purposes, the term design implies adopting a user-centered per-
spective to craft both an assessment process and a decision-support product that achieves
the objectives of supporting high-quality decision-making while working within inevitable
constraints. Accordingly, an important part of the early design process is the understanding
and weighing of all the objectives, recognition of constraints, and explicit acknowledgment
of the need for tradeoffs.

Design will inevitably occur throughout the risk-assessment process, and flexibility and
iteration will be important aspects of the overall process design. Like any complex product
designed in a complex environment, the process and product may need to be redesigned
as objectives and constraints inevitably change and in response to new knowledge. While
recognizing the iterative nature of risk-assessment planning, the committee strongly encour-
ages increasing attention to design in the formative stages of a risk assessment. Such a shift
in attention is recognized by the Environmental Protection Agency (EPA 2004a). It is also
captured in guidance documents for ecologic risk assessment and cumulative risk assessment
(EPA 1992, 1998, 2003). In those applications, EPA has adopted two tasks labeled planning
and scoping and problem formulation. The two tasks are examples of early design activi-
ties, and the committee believes that they should be formalized, applied more consistently in
risk-assessment activities, and, perhaps most important, result in concrete outputs detailing
the rationale and findings of the early design process. The tasks are described in more detail
later in this chapter.
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DESIGN CONSIDERATIONS: OBJECTIVES, CONSTRAINTS, AND TRADEOFFES

As in any complex design problem, the process of design is intended to find the best solu-
tion to achieve multiple simultaneous and competing objectives while satisfying constraints
on the process or the end product. As decision-support and communication products for
use in public decision-making, risk-assessment products inherit objectives from their parent
domains of science and public policy. The objectives are not always compatible and, con-
sidered individually, would influence the design in different and sometimes opposing direc-
tions. In addition, general constraints on the process (such as resources and time) require
that tradeoffs be made in pursuit of the objectives.

The candidate objectives of risk assessment can, for present purposes, be separated into
three categories, which are related to the inputs to the process (including evidentiary and
participatory aspects), the process that transforms the inputs into risk-assessment products,
and the impact of the products on decision-making. The objectives described below are
examples that might be considered by EPA in designing risk-assessment processes and prod-
ucts; clearly, it is the responsibility of EPA to interpret its mandate to choose and weigh the
relative importance of different objectives.

Objectives Related to Inputs

Use of the Best Scientific Evidence and Methods

A core aspect of health and environmental risk assessment is the universal desire to
make use of the best scientific methods and the highest-quality evidence. Pursuit of that
objective would lead EPA to acquire and interpret evidence by using established, trusted,
and formal methods. The specifics underlying the notion of the “best science” are, not sur-
prisingly, highly contested. Many attributes might define “best,” and different parties will
place considerably different weights on them. Even though the objective, simply stated, is
superficially clear and uncontroversial, some aspects of the implementation are necessarily
complex and controversial. In addition, pursuit of the best scientific understanding is inevi-
tably resource-intensive and time-intensive, and this leads to conflict with other objectives
and with constraints on resources.

Inclusiveness of Scope

For various reasons, human health risk assessment has traditionally focused on single
cause-effect pathways that involve a single chemical and single identified adverse effect. The
narrowness of scope is frequently questioned with respect to both its scientific merits and
its relevance to decision contexts of considerably greater scope. The scope of consideration
in health and environmental risk management would ideally be as large as possible. It can
be argued that any limitation in scope constitutes a simplification of reality that must be
recognized and justified because important parts of the total cause-effect network may have
been missed. A narrow scope has the potential to distort the external validity of the conclu-
sions and the associated decisions they support and thus to limit their applicability to the
“real world.”

From a decision-support perspective, limitations in scope might create what is seen as
highly imbalanced information support, supporting a particular concern with voluminous
technical analysis while other concerns of great relevance to stakeholders (which cannot be
readily dismissed on purely scientific grounds) remain largely or completely unaddressed

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

THE DESIGN OF RISK ASSESSMENTS 69

and explained only by the chosen scope of the risk assessment. For example, in situations
where stakeholders are concerned about exposure from both food and water pathways, the
provision of an elaborate risk assessment for waterborne exposure while providing only a
cursory review for foodborne exposure may appear to be imbalanced with respect to the
information needs. A somewhat more simplified risk assessment that includes both pathways
may be preferable, if the foodborne pathway cannot be dismissed on strong grounds. Here,
the objective of broadening of scope may compete with the desire to perform the “best” risk
assessment on a single pathway.

The desire to broaden the scope of human health risk assessment appears to be shared
by EPA. Table 3-1 illustrates the expansion of the scope (in both risk assessment and deci-
sion-making) to which EPA aspires, at least as far as can be inferred from its guidance for
cumulative risk assessment. Some of the “new” characteristics are current practice in ecologic
risk assessment.

A critical dimension of scope (and a theme of Chapter 8 of this report) is the explicit
inclusion of the various possible mitigation options that might be considered to reduce the
risk that is being assessed. The scope would be expanded so that the assessment would
provide not only estimates of existing risk but estimates of risk reduction associated with a
variety of changes in the risk-generating system. To provide more complete information to
the decision-maker, the decision-support products would ideally include (or be reasonably
integrated with) estimates of the associated costs and any countervailing risks associated with
the proposed mitigation options, as might be presented, for example, in a remedial action
report under Superfund or in assessments that inform pesticide registration decisions.

Additional elements of scope derive from the desire to support decision-makers other
than EPA’s internal risk managers. The often-advocated goal of supporting local decision-
makers, communities, and industrial stakeholders in a participatory decision-making model
suggests the need for more customized decision-support tools on the basis of the nuanced
information needs and value foci of other decision-makers. This implies either that the scope
of the risk assessment increases to include those diverse needs and values or that separate
assessments are conducted with different scopes and end points considered (with the associ-
ated problems of compatibility).

The concept of extended decision support can be taken further to support the broad
array of decisions that EPA may not be directly involved in but ultimately is interested in
their being risk-based, particularly for preventive risk management. Product and process-

TABLE 3-1 Transition in EPA Human Health Risk-Assessment Characteristics According
to EPA (1997)

Old New

Single end point Multiple end points

Single source Multiple sources

Single pathway Multiple pathways

Single route of exposure Multiple routes of exposure
Central decision-making Community-based decision-making
Command and control Flexibility in achieving goals
One-size-fits-all response Case-specific responses
Single-medium-focused Multiple-media-focused
Single-stressor risk reduction Holistic reduction of risk

Source: EPA 1997.
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development decisions that are made every day around the world and have short-term and
long-term effects on human health and the environment may be the most important class of
external decisions that would ideally be increasingly risk-informed. This class of decisions
includes decisions based on life-cycle analysis and various related approaches with similar
goals, in which risks are ideally reduced by design of energy and material flows in advance
rather than by end-of-pipe mitigation strategies. Some of these preventative strategies may
benefit from risk-assessment components (like dose-response information, or quantifica-
tion of common exposure scenarios) without the need for an entire risk assessment to be
completed. This might suggest that risk-assessment products be designed, prepared, and
disseminated in a modular fashion to allow for the individual components to be used and
reused by third parties making different types of decisions.

Inclusiveness of Input

A process that considers a broader evidence base and uses diverse methods to reach
conclusions is generally preferred to one that is limited to a narrower evidence base or a
narrower selection of methods. Breadth can be achieved by considering input from different
academic disciplines and by including traditional knowledge and a variety of deliberative
methods of arriving at conclusions about what can be considered to be “known.” The ideal
becomes problematic when disciplinary biases rightly or wrongly determine that input from
some other sources of information lacks sufficient validity—according to criteria that are
idiosyncratic in each discipline—to be included as reliable input into a given analysis. Breadth
can be seen as a potential threat to the integrity of the evidence base and of the conclusions
derived from it. Because there is no universal standard for inclusion and weighing of evidence
among disciplines (and often even within a discipline), resolution of the competing ideals of
breadth and integrity of evidence requires careful attention to process.

Integrity of Science-Policy Assumptions

As a primary theme of both the Red Book (NRC 1983) and Science and Judgment in
Risk Assessment (NRC 1994) and continuing in the present report, the careful application
of science-policy assumptions (or “defaults”) is critical for the integrity of the risk-assess-
ment process. The use of defaults is necessary to complete risk assessments in the presence
of substantial uncertainties and the embedded policy choices can have profound impacts on
the risk-assessment findings and the associated decision-making functions.

In addition to the science-policy assumptions that are easily recognizable, the process
should take account of the presence of key subjective elements in evidence-gathering and
integration that can influence the results of risk assessment. They may include a number of
standard practices or conventions that are not normally recognized as elements of science
policy.

Objectives Related to Process

Inclusiveness in Process

Decision-making processes ideally are inclusive with respect to the participation and
deliberation of affected and interested parties. In pursuit of that objective, risk-assessment
processes would be structured to accommodate the needs of diverse stakeholders, includ-
ing accepting their input at appropriate points, ensuring fairness in the influence of various
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aspects of the design of the risk-assessment process and products (for example, input into
its scope and access to information), fostering their desired level of understanding of the
process, and meeting their specific information needs.

Transparency

It is both a scientific and a policy-making objective that the process of conducting a risk
assessment and the risk-assessment products themselves be transparent. Transparency is a
requirement that is always present, but it is rarely defined in operational terms. Some strict
interpretations of transparency are akin to requirements for scientific reproducibility: that
enough information is provided for a skilled analyst to be able to follow all the reasoning
and independently reproduce the results. Transparency in risk-assessment models could be
interpreted to mean that the computer code is entirely in the public domain (but may be
executable only on specified computers) or to suggest that the models be publicly avail-
able to be downloaded, complete with a user guide, and to be able to be run by individual
interested users who lack advanced computer skills. In other interpretations, transparency
would require that simplified versions of documents be produced to increase the number and
diversity of parties that could follow the main arguments and understand the overall process
of analysis and its conclusions. Given the lack of specificity in the operational definition of
transparency, some effort is required during the early design period to achieve agreement
among risk assessors and those seeking or responsible for ensuring transparency on the at-
tributes that are sought and how they will be implemented.

Compliance with Statutes and Administrative Law Requirements

Some risk-assessment activities must comply with a variety of requirements imposed on
federal policy-making activities, with the level of requirements depending on the risk as-
sessment and the statutes that govern them. The nature and impact of these requirements is
reviewed by NRC (2007). For example, EPA and other federal agencies are required by law
to provide opportunity for public comment on proposed regulations and to take comments
into account in making decisions. Some statutes have requirements for stakeholder partici-
pation in various aspects of the risk-assessment and rule-making processes; others require
peer review of particular categories of risk assessment. Other statutory provisions call for
EPA Science Advisory Board meetings to be open to the public and for agency records to be
made available to the public through the Freedom of Information Act.! The administrative
requirements regarding the risk-assessment process generally increase effort in the process,
add costs, and affect the schedule. However, good practice would suggest that many of the
required elements (such as peer review and stakeholder consultation) would often be included
even if they were not required by statute or other administrative requirements.

1As outlined in Chapter 2, the organic statutes administered by EPA include substantive standards and criteria
bearing on risk-assessment activities specific to different EPA programs (such as those involving air and water). In
addition, program-specific and agencywide guidelines detail principles and practices related specifically to the risk
assessment process (Table D-1).
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Objectives Related to Impact on Decision-Making

Consideration of Uncertainty and Its Impacts

A shared ideal in science and decision-making is that uncertainties in evidence be fully
exposed and described. The task of confronting the implications of uncertainty is ultimately
the domain of the risk manager, so it is important that key sources of uncertainties be de-
scribed individually and in the context of their collective impact on the conclusions of the
risk assessment. When the set of decision-maker options is known, an uncertainty analysis
can be most profitably directed toward describing the impact of uncertainty on the consid-
eration of these options.

A difficult challenge in risk assessment is determining the best way to communicate the
nature and magnitude of uncertainties. Analysis and judgment are required for focusing the
discussion of uncertainty on important sources and describing the impacts of uncertainty in
a manner that is relevant to the decision-making process. There are many potential uses of
information about uncertainty for risk managers, including choices to delay or to expedite
decision-making or to invest in research to reduce uncertainties. Assessing and communi-
cating the utility of investing in additional information (such as conducting or considering
more studies or gathering or formally eliciting expert input) are among the most challeng-
ing aspects of risk assessment. Formal and less formal methods for assessing the value of
information are discussed below.

Control of ‘Tatrogenic Risk’ in the Decision-Making Process

There are a number of ways in which the process of assessing and managing risk can lead
to an increase in risk—analogous to the notion of iatrogenic risk in medicine (risk “caused
by the doctor”). In the same way that a delay in diagnosis by a physician can increase risk
to the patient, delays in the process of assessing risks may increase overall exposure to risk
when decisions are delayed. In the presence of low risk, the increased risk may also come
from the prolonged stress of being in a state of uncertainty with regards to health. The
design of a risk-assessment process should balance the pursuit of individual attributes of
technical quality in the assessment and the competing attribute of timeliness of input into
decision-making.

The critical process of triage, like other resource-allocation decisions in health care,
must balance the needs of individual patients with those of others seeking attention. An
overburdensome process of assessing individual risks can result in a lack of attention to
other risks that deserve the attention of both risk assessment and risk management. Design
must consider not only the needs of the individual assessment but the institutional role in
simultaneously assessing and managing many other risks. Thus, the design of risk assess-
ments should provide flexibility with respect to resource demands to foster balance in the
management of multiple risks across the organization.

The health-care analogy is readily extended to the issue of risk-risk tradeoffs. Physicians
routinely consider side effects of their treatment decisions. They also need to consider the
impacts of decisions that patients themselves make in response to information about risks.
In the same way, health and environmental risk-assessment and risk-management processes
need to consider the complete impact of risk-assessment products and decisions given their
inevitable potential to inadvertently contribute to increased risk. Ideally, the design of a risk
assessment takes into account foreseeable consequences of decisions, including substitution
risks (for example, replacement of one source of hazard with another of similar, greater, or
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unknown risk or diversion of waste from one waste stream to another), side effects of risk
controls (for example, increase in risks due to disinfection byproducts in an effort to con-
trol microbial hazards or development of resistance in pests, microorganisms, and invasive
species), and other potential adverse outcomes associated with decisions taken by EPA or
foreseeable decisions that might be taken by other stakeholders. It is also possible to extend
the analogy to post-market surveillance for medicine to suggest that decisions based on risk
assessments be monitored for the potential for unanticipated impacts (or the absence of
anticipated impacts).

ENVIRONMENTAL PROTECTION AGENCY’S CURRENT GUIDANCE
RELATED TO RISK-ASSESSMENT DESIGN

The 1983 Red Book described the four key stages in the risk-assessment process as
hazard identification, exposure assessment, dose-response assessment, and risk characteriza-
tion (see Figure 3-1). In the intervening years, planning and scoping (a deliberative process
that assists decision-makers in defining a risk-related problem) and problem formulation (a
technically oriented process that assists assessors in operationally structuring the assessment)
have emerged as additional distinct but related stages in both the human health and ecologic
risk-assessment paradigms (EPA 1992, 1998, 2003, 2004a).

Not all decisions require or are amenable to the results of a risk assessment. Decision-
makers must first consciously identify risk assessment as an appropriate decision-support

Is risk
Issue assessment
Problem the appropriate Non-Risk ...,
Concern decision support NO | Considerations
Objective tool?
(Manager) H

YES

PLANNING & SCOPING
Manager, Stakeholder, (assessor) Dialogue
Summary Management -
| Options Identification | Statement & g3 :
Risk Communication 0% & ;
Hazard Identification | (l > gaQ \
392 DECISION
_I\I/_ Conceptual 5 g csb_
Model Technical Analysis £ 2=
~ (Exposure Analysis, Dose-Response | g" =
PROBLEM FORMULATION Analysis Analysis, Risk Characterization) >
Manager, Assessor, (stakeholder)
Dialogue Plan
Time

FIGURE 3-1 Schematic representation of the formative stages of risk-assessment design. Dotted line in
figure denotes that decisions informed by risk assessment will be influenced by nonrisk considerations.
Source: Adapted from EPA 1998, 2003.
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tool. If risk assessment is not selected as a tool, the decision-maker can be guided by a host
of other, nonrisk-related considerations. Clearly, even decisions that are informed by the
results of a risk assessment will be influenced by the same nonrisk-related considerations (as
indicated by the dotted connection in Figure 3-1).

Here, planning and scoping is used as described by EPA (2003, 2004a), and problem
formulation is used as described by EPA (1998, 2003, 2004a). Planning and scoping are
considered to constitute primarily a discussion between decision-makers (risk managers) and
stakeholders in which assessors have a supporting role, and problem formulation involves
a discussion between decision-makers and assessors (and technically oriented stakeholders)
to develop a detailed technical design for the assessment that reflects the broad conceptual
design developed in the scoping stage.

As illustrated in Figure 3-1, planning and scoping determine which hazards and risk-
mitigation options are of concern for the assessment and set boundaries for the assessment
(that is, its purpose, structure, content, and so on). Box 3-1 lists some of the specific issues
related to scope that may be discussed during this stage. Once planning and scoping are
under way, problem formulation begins and runs in parallel with them. Discussions during
this stage focus primarily on methodologic issues of the desired assessment, as illustrated in
Box 3-2. It is important to note that communication between the two, now parallel stages,
needs to occur for the assessment to be useful. The overarching purpose of the two critical,
but often underused, stages of the risk-assessment process is to provide a clearer and more
explicit connection between the decision-making context and the risk assessment that will
inform the decision-maker. It also makes more explicit the relative roles of the decision-
maker, stakeholders, and the risk assessor (EPA 2003, 2004a).

Planning and Scoping

In 1989, EPA’s guidance for Superfund provided several pages of guidance specific to
the planning and scoping of a human health risk assessment (EPA 1989). Because assess-
ment of complex ecologic systems challenged both decision-makers and assessors, it was

BOX 3-1 Selected Elements of Scope
Considered During Planning and Scoping

* Spatial and temporal scope options

* Direct hazards and stressors

e Mitigation-related hazards and stressors
* Sources

e Source-mitigation options

* Environmental exposure pathways

e Exposure-mitigation options

e Individual intake pathways

e Individual intake mitigations

e At-risk populations

* Populations at mitigation-related risk

e Direct adverse health outcomes

* Mitigation-related adverse health outcomes
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BOX 3-2 Selected Methodologic Considerations in Problem Formulation

* Hazard-identification methods

» Stressor-characterization methods

e Source-characterization models and methods

* Environmental transport and fate models and methods
e Computational methods

* Uncertainty-characterization methods

* Intake and internal-dose models

* Dose-response models and methods

e Health-outcome measurement (risk measurement) methods
e Integrated cost-benefit methods

e Transparency, dissemination, and peer-review methods

the ecologic risk-assessment community that ultimately championed the need to define the
scope of a risk assessment and the need for discussion between decision-makers, assessors,
and interested parties from the outset of an assessment. The need to scope an assessment
and the need for assessors and managers to interact were discussed briefly in EPA’s 1992
framework for ecologic risk assessment (EPA 1992). NRC (1993) advocated for the integra-
tion of ecologic risks into the 1983 Red Book paradigm, and expressed a need to extend this
paradigm to include the need for interaction between risk assessment and management at
the early stages of a risk assessment, based on experience in ecologic assessment. In 1996, a
National Research Council committee commented on the importance of planning from the
beginning of a risk assessment (NRC 1996). In 1998, EPA released its guidance for ecologic
risk assessment, which superseded the 1992 framework document and provided a greatly
expanded discussion of scoping and of the roles of assessors and decision-makers; it also
drew a clear distinction between the goals and content of the planning and scoping stage
and the problem-formulation stage. More recently, EPA has further articulated how critical
planning and scoping are for the conduct of a successful risk assessment and has provided
detailed guidance for their conduct (EPA 2003, 2004a). During planning and scoping, a
team of decision-makers, stakeholders, and risk assessors identifies the issue (or concern,
problem, or objective) to be assessed and establishes the goals, breadth, depth, and focus
of the assessment. Once the decision to use a risk assessment has been made, this stage be-
comes critical for developing a common understanding of why the risk assessment is being
conducted, the boundaries of the assessment (for example, time, space, regulatory options,
and impacts), the quantity and quality of data needed to answer the assessment questions,
and how decision-makers will use and communicate the results. During this stage, deci-
sion-makers charged with protecting health and the environment, in the context of other
competing interests, can identify the kinds of information they need to reach their decisions,
risk assessors can ensure that science is used effectively to inform decision-makers’ concerns,
and stakeholders can bring a sense of realism and purpose to the assessment. This stage is
a focal point for stakeholder involvement in the risk-assessment process and the point at
which risk communication should begin (EPA 2003). The relevance of risk-assessment results
to decision-making can be enhanced by the up-front involvement of decision-makers and
stakeholders in setting goals, defining options, and defining the scope and complexity of an
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assessment (Suter et al. 2003). Together, all can evaluate whether the assessment will help
to address the identified problems (EPA 2004b).

While a common plan for the risk assessment is one of the goals of these stages, reaching
consensus on all aspects of the scope and conduct of a risk assessment among decision-makers
and stakeholders representing diverse interests, will not always be feasible. In addition, it is
not necessarily in the public interest to delay the risk assessment where consensus is difficult
to achieve. The process requires a balance among the competing values of deliberative input
into a risk assessment, timeliness in the risk assessment process, and the resource burden
associated with these early stages.

Early Identification of Decision-Making Options

As discussed later in this chapter and further in Chapter 8, the utility of a risk assessment
is greatly enhanced when it is constructed and carried out in the context of a clear set of op-
tions under consideration by the decision-maker. Figure 3-1 explicitly includes identification
of options as a critical element of planning and scoping. Although present EPA guidance
(for example, on ecologic risk assessment, cumulative risk assessment, and air toxics) does
not contain exact language calling for the explicit identification of decision-making options
during the planning and scoping stage, it does allow preliminary consideration of regulatory
or other management options. Existing EPA risk-assessment frameworks unquestionably
contemplate consideration of options as they are related to decision-making, with plenty of
interpretive room for arraying options if that is desired by or available to decision-makers
and risk managers. For example (EPA 1998, p. 10), “risk assessors and risk managers both
consider the potential value of conducting a risk assessment to address identified problems.
Their discussion explores what is known about the degree of risk, what management options
are available to mitigate or prevent it, and the value of conducting a risk assessment com-
pared with other ways of learning about and addressing environmental concerns” (emphasis
added). Not every issue faced by a risk manager will necessarily lend itself to “arraying
options.” Some complex problems may also best be addressed by completing a thorough
assessment of health risks and vulnerable populations prior to considering necessary control
options. The Clean Air Act has used this approach to reduce air pollution concentrations over
the past four decades. In the management of contaminated sediment, for example, it may be
possible to examine the tradeoffs between various options, such as removal vs monitored
natural recovery or capping versus hot-spot removal; in the case of soil contaminants for
which no practical treatment options exist, options may be limited to various degrees of soil
removal; and there may be instances in which the regulatory environment is so prescriptive
as to preclude all but a few stipulated options.

Although the planning and scoping stage is primarily deliberative, in that it involves
extensive discussion between decision-makers and stakeholders and to a smaller extent with
risk assessors, it is expected to produce tangible products that are critical for the performance
of a credible and useful risk assessment (EPA 2003, 2004a). The primary product is a state-
ment, with explanation, of why the assessment is being performed and what it will include
and exclude (that is, how comprehensive it will be). Other products may be descriptions of
those involved and their roles (for example, technical, legal, or stakeholder advisers), key
agreements made and understandings reached among those involved, the resources (such as
budgets, staff, data, and models) required by or available to the assessment, and the sched-
ule to be followed (including provision for timely and adequate internal and independent
external peer review). A statement (Box 3-3) often summarizes the end result of the planning
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BOX 3-3 Planning and Scoping: An Example Summary Statement

“Air toxics emissions may be causing increased long-term inhalation health risk (both cancer and
noncancer concerns) to people in the immediate vicinity of Acme Refining Company. A modeling risk
assessment will be performed to evaluate potential long-term human health impacts of inhalation ex-
posures to all air toxics emitted by the facility. Inhalation risks for populations within 50 km of the Acme
property boundary will be assessed under residential exposure conditions. Noninhalation pathways will
not be assessed for either human or ecological receptors” (EPA 2004a, Chapter 5).

and scoping process, describing the specific concerns that the risk assessment will address
and generally what will be included in its purview. The problem-formulation stage, whose
specific products are a conceptual model and an analysis plan, develops the specific technical
details for the assessment laid out during planning and scoping.

Problem Formulation

The extension of the concept of “problem formulation” to human health risk assess-
ment first emerged during a 1991 National Research Council-sponsored risk-assessment
workshop where the absence of such an activity in health risk assessment and the criticality
of its use for ecologic risk assessment were discussed (NRC 1993). In 1992, EPA published
Framework for Ecological Risk Assessment as the first statement of principles for ecologic
risk assessments, including a further articulation of the concept of problem formulation
(EPA 1992). The concept reached fruition in the agency’s 1998 Guidelines for Ecological
Risk Assessment, which superseded the 1992 framework document (EPA 1998). Those
documents describe methods for conducting conventional single-species, chemical-based
risk assessments and techniques for assessing risk to ecosystems from multiple exposures
(or stressors) and multiple effects (or end points) (EPA 1991). For several reasons, ecologic
risk assessments in the United States have generally placed a greater emphasis on problem
formulation than have human-health risk assessments (Moore and Biddinger 1996). But by
emphasizing completion of problem formulation early, the ecologic-risk framework provides
a clear procedural advantage over the existing human health risk framework in achieving
an assessment that can be used to inform a management decision. The advantage is derived
from having decision-makers and stakeholders as active participants from the beginning of
an assessment rather than passively awaiting receipt of the results.

The problem-formulation stage sketches out the technical implications and decisions that
are implied by the discussions that occur among decision-makers and stakeholders during
planning and scoping so that risk assessors can proceed with the technical aspects of the as-
sessment in a manner consistent with the decision context. This stage translates the results of
the planning and scoping stage into two critical products: a conceptual model that explicitly
identifies the stressors, sources, receptors, exposure pathways, and potential adverse human
health effects that the risk assessment will evaluate and an analysis plan (or work plan) that
outlines the analytic and interpretive approaches that will be used in the risk assessment.
The general concern and approach articulated in the summary statement developed during
scoping are given greater detail in a study-specific conceptual model. The model comprises
both graphic illustrations (see Figure 3-2) and narrative descriptions that explicitly identify
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sources, contaminants of concern (stressors), exposure pathways, potential receptors, and
adverse human health effects that the risk assessment is going to evaluate.

The review of the conceptual model led to significant savings in the application of the model
for calculating air dispersion, exposure and risk estimation. More than a third of the possible
analyses were shown to be unnecessary to address the problem formulated in the planning
and scoping discussion [EPA 2002, p. E-6].

For important risk assessments, particularly controversial or precedent-setting ones,
it may be advisable that the scientific and technical credibility of the conceptual model be
examined with a peer-review process. Although the conceptual model serves as a guide for
determining what types, amount, and quality of data are needed for the assessment to ad-
dress the issues and concerns of interest to decision-makers, the analysis plan matches each
element of the conceptual model with the analytic approach that the assessors initially intend
to use to develop data or otherwise represent that element. Box 3-4 lists some of the major
elements of an analysis plan (from EPA 2004a).

BOX 3-4 Major Elements of an Analysis Plan

Sources How will information on the sources in the analysis (e.g., source location,
important release parameters) be obtained and analyzed?

Pollutants How will chemicals of potential concern (COPC) be confirmed and their
emissions values be estimated?

Exposure pathways How will the identified exposure pathways be assessed? How will ambient
concentrations be estimated?

Exposed populations(s) How will exposures to populations of interest be characterized? How will
their exposure concentrations be estimated? What will be the temporal
resolution? What sensitive subpopulations may be affected?

End points How will information on the toxicity of the COPC be obtained (what
are the data sources)? What risk metrics will be derived for the risk
characterization?

In addressing the above aspects of the analysis, the plan should also clearly describe the following:

e How will quality be ensured in each step (e.g., what will be included in the quality assurance/
quality control plans)?

e How will uncertainty and variability in the results be assessed?

e How will all stages of the assessment be documented?

e Who are the participants and what are their roles and responsibilities in the various
activities?

e What is the schedule for each step (including milestones)?

o What are the resources (e.g., time, money, personnel) being allocated for each step?

Source: EPA 2004a.
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Recognition of the Need to Strengthen the Use of Formative Design Stages

The specific nature and needs of the decision environment are often neglected in risk
assessment, if there is no systematic approach (Crawford-Brown 1999). It is increasingly
clear that even “the highest-quality risk assessment is worthless if it does not address the
needs of the decision-maker” (Suter 2006, p. 4). EPA guidance documents make it evident
that the agency recognizes, at least in theory, that “[planning and scoping] may be the most
important step in the risk assessment process” and that “without adequate [planning and
scoping], most risk assessments will not succeed in providing the type of information that
risk management needs to make a well founded decision” (EPA 2004a, p. 5-9). Similar ideas
were also expressed in a report on EPA risk-assessment practices by GAO (2006). EPA has
also observed that many of the shortcomings or failures of ecologic risk assessments can be
traced to a weakness in or lack of problem formulation (CENR 1999).

Both the planning and scoping and problem-formulation stages are necessary to ensure
that the form and content of a risk assessment are determined by the nature of the decision
to be supported. Both stages offer opportunities to reach some level of consensus on how to
proceed (for example, with respect to regulatory context and objectives, scientific objectives,
data needs, or reasonably expected limitations) in an assessment so that its results will be
useful and informative to decision-makers. Those stages also offer excellent opportunities
to give risk communication an early and pivotal role in the overall risk-assessment process
rather than allowing it to become an afterthought. Although both planning and scoping and
problem formulation can be challenging and time-consuming, the time and effort are usually
well spent and have been shown to result in risk assessments that are more useful to and
better accepted by decision-makers (EPA 2002, 2003, 2004a).

The incorporation of those stages in the risk-assessment process is, however, still incon-
sistent. For example, both stages are missing from EPA’s new cancer guidelines and from the
current Office of Solid Waste and Emergency Response risk-assessment protocol for combus-
tion facilities (EPA 2005a,b). Thus, although the stages are now widely acknowledged, at
least conceptually, as critical for the success of a risk assessment (particularly for complex,
controversial, or precedent-setting assessments) and guidance for their conduct is available,
the question remains as to whether EPA or other public agencies, the regulated community,
or their contractors are taking full advantage of them to focus, refine, and improve human
health and ecologic risk-assessment efforts. The question warrants attention in that contin-
ued inattention to the importance of planning and scoping and of problem formulation can
be expected to yield human health risk assessments (by EPA and others) that fail to reach
their full potential in providing support to decision-makers and others seeking solutions to
environmental and health concerns.

INCORPORATING VALUE-OF-INFORMATION
PRINCIPLES IN FORMATIVE AND ITERATIVE DESIGN

Scylla and Charybdis:> Navigating the Twin Hazards of
Uncertainty and Delay in Decision Support

The combination of the magnitude and the practical irreducibility of key uncertainties
and their impact on decision-making constitute the core challenge in efforts to achieve a

2Scylla and Charybdis are two sea monsters of Greek mythology. They were located on opposite sides of a
narrow strait such that they posed an inescapable choice in that avoiding Scylla (a six-headed monster) required
passing too closely to Charybdis (presenting a whirlpool hazard) and vice versa.
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robust yet practical approach to public-health and environmental risk management. The
combination of uncertainty and the prospect of delaying important decisions constitute a
key hazard in navigating the difficult waters of health and environmental decision-making.
To an extent, it can be argued that the conflict is inherent in a decision-making environment
that, while valuing a timely decision, places a large premium on the often-repeated yet ill-
defined goal that the decision be “scientific,” “based on sound science,” or “based on the
best available science.” The nature of the conflict can be understood by recalling that the
scientific process of seeking the truth, by design and to its great credit, has no natural end
point. Also by design, the training of scientists and such embedded traditions as applying
tests of statistical significance instill the value of prudence and the “due-process” tasks of
peer review, replication, and scientific debate before a conclusion can be said to be based
in science. The idea that there are risks (for example, prolonged exposure to a hazard, or
stress in the community awaiting an assessment of health risks) that may be associated with
waiting for a particular study to be completed or for a scientific consensus to emerge is not
readily incorporated into the standard scientific paradigm.

The lack of established “stopping criteria” in science contributes to the conflict wherein
any attempt to put an end to or otherwise constrain scientific inquiry and debate to meet
regulatory or legal deadlines or, perhaps most problematically, to achieve an abstract notion
of timeliness can lead to the accusation that the corresponding decision is “unscientific.” In
pursuing the goal of timely decision-making, there is an inherent conflict between meeting
the requirements associated with the goal of knowing and the requirements associated with
the more pragmatic goal of deciding.

Protection of the public and protection of the scientific knowledge base from Type 1
errors (that is, avoiding false positives) are not equivalent goals. That fact, somewhat obvi-
ous when considered carefully, is a fundamental source of tension that is not sufficiently
acknowledged or confronted directly in risk assessment, risk communication, and risk man-
agement practices. Navigating (as opposed to resolving) the conflict between those goals is
best addressed through its careful consideration by both risk managers and risk assessors
in the formative and iterative design of risk assessment. To confront that challenge, risk
managers must see themselves as managing uncertainty and delay as well as managing risk.
Managing under uncertainty requires diverse strategies that address different aspects of the
overall decision-making process, including investments to collect, store, and manage infor-
mation; investments to improve the knowledge base, that is, to generate new knowledge;
formalization of the processes used to collect, use, and process information; formalization
of processes to calculate and communicate uncertainty; adjustment of the risk-assessment
process to mitigate the practical impact of the uncertainty on the analytic process; adjust-
ment of the decision-making process to accommodate the consideration of the uncertainty;
and adjustment of the timing of decision-making in both directions—to delay or to expe-
dite—when uncertainty is acknowledged to be sufficiently great.

It is important to note that the day-to-day work of uncertainty management should not
be considered the sole domain of analytic experts. It is primarily the responsibility of the risk
manager to prescribe and implement appropriate accommodations in the overall decision-
making process if the analytic efforts aimed at supporting decisions under great uncertainty
are to have the desired impact and to ensure that risks associated with delays in decision-
making are balanced by the likelihood and magnitude of any benefit that is believed to be
associated with proposed enhancements of the knowledge base or with the process of risk
assessment. Choosing a strategy involves important tradeoffs because any strategy to deal
with uncertainty will be incomplete and imperfect. The committee believes that one of the
dominant pathways to improving risk analysis involves correctly matching the uncertainty-
management strategy to the particular demands and resources of the decision-making envi-
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ronments in and outside EPA. This issue is discussed in greater detail in Chapter 4. Ideally,
the matching process would be expanded to consider the many other decision-makers that
make use of EPA’s analytic products.

Value of Information: What Makes Information Valuable?

A fundamental aspect of decision-making under uncertainty involves the inevitable
choice between making an immediate decision with the information and analysis available
and delaying the decision while, for example, more raw information is collected, a more
refined analytic product is prepared, or consultations with affected parties are conducted.
Even if delay is not the primary concern, the direct and indirect costs of acquiring the infor-
mation will often need to be considered.

As the most generic analytic framework for valuing information in the context of deci-
sions, value-of-information (VOI) analysis provides a set of methods for optimizing efforts
and resources to gather, to process, and to apply information to help decision-makers achieve
their objectives. The application of VOI analysis is illustrated schematically in Figure 3-3.

The Process of Quantitative Value-of-Information Analysis

The decision-theoretic process to quantitatively value information begins with analyzing
the best option available to the decision-maker in a certain state of uncertainty. This serves as
a baseline scenario with respect to information available to the decision-maker. The process
then systematically considers when and how the decision-maker’s preferred option might
be changed if the decision-maker was able to incorporate additional information into the
decision that was not available in the baseline scenario. This new information is expected
to either eliminate or reduce the extent of a source of uncertainty.

In VOI analysis, the decision-maker is assumed to change the preferred option only when
there would be a change in the net expected benefits. Accordingly, in addition to consider-
ation of how likely it is that the preferred decision would change, the process measures how
much of an increase in benefit would be expected given the additional information. The net
(or expected) value of gathering information to resolve or reduce uncertainty is calculated by
weighing the increase in benefits associated with each potential outcome of the information
collected by the probability of each outcome. This weighing process includes assigning the
value zero (that is, representing no increase in benefits) for situations where the information
gathered does not change the decision-maker’s preferred option.

A critical part of understanding the concept of VOI analysis is to differentiate scientific
and decision-analytic perspectives on the value of information. In research proposals and in
the literature, scientists often describe proposed studies as valuable with respect to enhancing
the overall knowledge base, perhaps with a suggestion that it will inform important deci-
sions. Conversely, the decision-analytic notion of VOI is entirely decision-centric. In a VOI
analysis, an information source is valued solely on the basis of the probability and magnitude
of its potential impacts on a specific decision at a specific time with a specific state of prior
knowledge. Therefore, it is a common and expected result of VOI analysis to estimate that
an information source, which may otherwise be considered valuable as a general scientific
matter, has little or no value in support of a particular decision. This happens when the spe-
cific decision is not sensitive to the resolution of the uncertainty that the information source
addresses. Considering this situation in Figure 3-3, the arrow indicator, which denotes that
option C is preferred given currently available information, would not be moved much by
this source of new information.
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FIGURE 3-3 Schematic of the application of value-of-information analysis to assess the impacts of
additional studies in a specific decision context. Information opportunities that address uncertainties in
the baseline model are considered with respect to the changes they would have on the decision-maker’s
preferred decision option and the associated change in net benefits. The analysis may also consider any
direct costs (for example, financial) and indirect costs (for example, the health or economic impacts of
delayed decision-making) associated with the information opportunity. The valuation of information
is ultimately driven by the decision-maker’s values with respect to the distribution of risks and costs,
including any costs associated with delayed decisions.

Experience in the Application of Value-of-Information Methods

The applications of VOI methods in environmental health decision-making might be
characterized as sporadic and somewhat academic (Yokota and Thompson 2004). In the
academic literature, there has been a considerable interest in the use of VOI techniques to
evaluate various activities within toxicity testing (Lave and Omenn 1986; Lave et al. 1988;
Taylor et al. 1993; Yokota et al. 2004). Recently Hattis and Lynch (2007) applied a VOI
framework to assess the expected effect of improved human pharmacodynamic or pharma-
cokinetic variability information on doses deemed to be protective for noncancer effects.
VOI methods have been employed to estimate value of sampling information in the context
of environmental remediation (Dakins et al. 1996), and in an assessment of information
value in the context of alternate control policies for source water protection in a watershed
impacted by agricultural runoff (Borisova et al. 2005). Other applications can be found in
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the value of improved exposure information in the case of drycleaning operations (Thomp-
son and Evans 1997), and the value of genetic screening options related to prevention of
beryllium disease (Bartel et al. 2000).

There is evidence of sporadic interest and research aimed at employing VOI methods at
EPA. For example, Messner and Murphy (2005) present an analysis of VOI about the quality
of source water in the context of decisions about investments in drinking water treatment
plants. In other applications, EPA staff and contractors have applied VOI principles in as-
sessing the value of environmental information systems and human exposure information
across a class of regulatory decisions (IEc 2000; Koines 2005).

Prospects for Formal Value-of-Information Analysis at EPA

VOI analysis has a number of benefits in support of decision-making compared with
the more common scientific characterization of the potential value of a study. The intuitive
and idiosyncratic views of individual scientists and decision-makers tend to place high value
on information from their own discipline while diminishing the value of information from
other disciplines. Scientists from all disciplines may devalue information that is not scien-
tifically interesting (for example, that would not be publishable in a scientific journal) even
if it substantially reduces a critical uncertainty in a risk assessment and the knowledge has
considerable potential to affect the decision-maker’s choice of the best option. In contrast,
VOI analysis could provide both a more context-specific and a more objective assessment
of the decision-centric value of a piece of information or, by extension, the value of an
information system to a class of decisions that might use it. Despite the potential benefits,
it is important to note that a VOI analysis is not considered to be generally superior to the
use of expert scientific judgment about the importance of a scientific investigation; rather,
it answers a much narrower question about the importance of a study for the outcome of
a specific decision and is not appropriate as a general measure of the scientific merit and
broader utility of a study.

For example, in the context of some specific decision, a VOI analysis might place great
value on a small survey to estimate the fraction of businesses using a near-obsolete technology
and very little value on a large, well-designed, and broadly important scientific study when
considering only the narrow purposes of the specific decision at hand. The decision-maker’s
preferences for options (perhaps in choosing among options B, C, and D in Figure 3-3) may
be very sensitive to the level of uncertainty in risk reductions and the costs that would be
imposed on businesses by a decision that would, for example, forbid the continued use of
the older technology. In both the risk estimation and the cost estimation, the number of such
businesses may be an important consideration in this particular decision context. Conversely,
a scientific study that would contribute to the understanding of the risk and may reduce
the overall uncertainty in a broadly desirable and scientifically rigorous way may not be
able to add information that changes the relative desirability of the specific options enough
to change the decision-maker’s preferred choice. Clearly, there are many other scenarios in
which scientific investigation is precisely what is required to differentiate adequately among
available options.

Despite the intellectual appeal of the formal VOI analytic framework and the ever-pres-
ent need for a robust means of assessing information value, the formal VOI paradigm imposes
a number of challenges that limit its practical and widespread use in the near term. The use
of the formal VOI framework in environmental health applications has been extensively
reviewed by Yokota and Thompson (2004). One of their findings relates to the somewhat
academic status of VOI in this field:

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

THE DESIGN OF RISK ASSESSMENTS 85

Rigorous VOI analyses provide opportunities to evaluate strategies to collect information
to improve EHRM [environmental health risk-management] decisions. This review of the
methodology and applications shows that advances in computing tools allow analysts to
tackle problems with greater complexity, although the literature still lacks “real” applica-
tions, probably due to a number of barriers. These barriers include the lack of guidance
from EPA and others on criteria for standardizing EHRM risk and decision analyses, the
lack of consensus on values to use for health outcomes, the lack of default distributions for
frequently used inputs, and inexperience of risk managers and communicators with using
probabilistic risk results.

There are important considerations in addition to the barriers expressed above.

e VOI computation can be technically challenging, particularly when one is trying to
evaluate imperfect information, which is almost always the relevant case.

e Its analytic formality does not lend itself to being combined with the more common
deliberative approaches of determining the potential value of information.

e The approach presumes that the analyst can fully describe the change in a decision-
maker’s choices in response to new information. This condition is not very realistic (or at
least is rarely the case) and is particularly problematic when the decision-making process is
not rule-driven or whenever the VOI analyst is forced to speculate as to the behavior of the
decision-maker in response to new information.

e The impact of the new information must be characterized with respect to the result-
ing change in a probability distribution that describes the current level of uncertainty, which
may not be formally characterized as a probability distribution.

e Very few technical or policy analysts or decision-makers have had any exposure to
this type of analysis, suggesting a considerable burden of training.

e The “value” assigned in a VOI analysis is itself, ultimately, an uncertain quantity.

A key challenge for uncertainty management in EPA and elsewhere is the need to design
the risk assessment to support decisions with respect to an explicit array of candidate op-
tions that the decision-maker is likely to consider. Without these options, it is not possible
to assert a formal decision-centric valuation of information; indeed, in this case, a formal
VOI analysis cannot even be attempted. A key potential side effect is the perpetuation of
“incomplete” risk assessments. The perpetuation side effect is a natural result in the absence
of a well-characterized decision-support context, including a concrete array of decision op-
tions, because there will always be a scientific rationale, as opposed to a decision-centric
rationale, to continue to gather information, perform or review new studies, and to improve
technical aspects of a risk assessment.

The committee recognizes both the advantages of VOI analysis for risk assessment and
risk management as well as the presence of continuing barriers to the use of formal and
computational VOI analysis in EPA. As a result, there is likely to be only a small propor-
tion of risk assessments and decision contexts that meet the criteria where a formal VOI is
possible (for example, having clear decision rules and prior estimates of uncertainty) and for
which the stakes are high enough to make a VOI analysis cost-effective.

Alternative VOI Methods for Diverse Decision-Making Contexts

As an alternative that is applicable to a larger proportion of decision contexts, the com-
mittee believes that EPA would benefit from developing and applying a structured but less
quantitative method for assessing the value of new information that captures the essential
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reasoning embodied in VOI analysis. The essential reasoning in the formal VOI approach
is based on the explicit characterization of a direct causal link between a specific source of
new information, the predicted change in the behavior of a decision-maker given this new
information, and the resulting improvement with respect to the decision-maker’s objectives
that can be expected in the presence of the additional knowledge. Essentially, the process
of valuation would involve the presentation of a qualitative or semiquantitative argument
(as opposed to formal computation) that describes the causal relationship between the
knowledge that might come from the considered source of information and the potential
for improved decision outcomes. The process could also consider the potential for risk in
delaying the decision until the information is available and is adequately incorporated into
the decision-support products (either risk assessments or cost assessments). An example of
the development and application of a structured semiquantitative VOI method, including
a discussion of the complementary role of these methods, can be found in Hammitt and
Cave (1991).

Valuing Methodologic and Procedural Improvements in Risk-Assessment Design

Earlier in this chapter, the committee described the rationale for placing a great premium
on aspects of process in risk assessment. When all the combinations of choices of scope and
technical, consultative, and quality-control methods are considered with the variations in the
intensity of their application, it could be argued that there are an uncountable number of
ways in which a risk assessment could be constructed. Such flexibility is generally welcome
and has the potential to make risk assessment relevant to the broadest possible array of ap-
plications, but it can be problematic.

The essentially deliberative process of matching opportunities to enhance the risk-
assessment process with the objectives of achieving high-quality decision support may be
facilitated by using a decision-centric evaluation model that characterizes the impact of
any proposed enhancements to the risk assessment—and its manifestation in the form of
a risk-assessment product with corresponding attributes—on the desired objectives of the
decision-making function. The committee encourages the development of such an evalua-
tion framework for methodologic improvements in risk assessment that instills some of the
concepts of decision-analytic value of information. A schematic of such an evaluation model
is illustrated in Figure 3-4.

The proposed evaluation framework would expand the consideration of the casual
relationship between risk-assessment activity and the quality of decision-making in two
respects. It would be structured to assist in the relative valuation of the many attributes of
risk-assessment processes and products that need to be considered in the formative and itera-
tive design process. By relaxing the formality of the VOI approach, it could include a broader
set of decision-making objectives—such as transparency, timeliness, integration with other
decision inputs, and compatibility with stakeholder participation—that are less tangible and
quantifiable but nonetheless critically important in determining the overall decision-support
value of a given activity or effort.

An important aspect of instilling the benefits that are analogous to VOI analysis will be
in drawing explicit causal linkages, even if expressed qualitatively, between risk-assessment
design options and the ultimate impact on the decision-making environment. In this way, the
potential for the “value-of-methods” approach is limited in an analogous way by one of the
barriers in the formal VOI approach. In VOI analysis, the analyst must know the decision-
maker’s valuation of risk assessment or other quantitative outcomes in sufficient detail as to
predict a change in the decision-maker’s behavior in response to new information (that is,
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FIGURE 3-4 Schematic of an analysis of the value of various methodologic opportunities (or “value
of methods” analysis) to enhance the risk-assessment process and products. The structure mimics the
standard VOI approach, but focuses on different impacts. In contrast with VOI analysis, the valuation
of these opportunities is derived from the value system that specifies the desirable attributes of the over-
all process of public-health and environmental decision-making. Whereas VOI analysis considers the
impact of information on the decision outcome (the “ends”), this type of analysis would consider the
impact of diverse risk-assessment methods on the overall quality of decision support (the “means”).

predicting their choice among available options, or their choice in setting a single number
within a continuum). In the value-of-methods approach, the analyst who is contemplating the
value of a particular risk-assessment method (for example, in choosing among a qualitative,
quantitative scenario-based, or fully probabilistic characterization of uncertainty) requires
some way to characterize the change in the decision-support environment that corresponds
to each of these alternative methods. Further, the analyst would need to know how much
the different changes in the decision support environment are valued based on the capacity
of the decision-making process to take advantage of the method, and the institutional values
of the desirable qualities of decision-making. In order to remove this potential barrier, this
expression of the valued attributes of decision support would be made highly context spe-
cific (for example, having very different objectives for community-level decision support as
compared to a national standard-setting process) and would be agreed to and documented
in the formative stages of risk-assessment design.
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Weight-of-Evidence and Hazard Classification:
An Example of a Value-of-Methods Question

The phrase weight of evidence (WOE) is used by EPA and other scientific bodies to
describe the strength of the scientific inferences that can be drawn from a given body of evi-
dence. In its most common applications in EPA, WOE is used to characterize the hazardous
(toxic or carcinogenic) properties of chemicals on the basis of an integrated analysis of all
relevant observational and experimental data. It is increasingly used to describe the strength
of evidence supporting particular modes of (toxic) action (MOAs) and dose-response rela-
tionships. Because scientific evidence used in WOE evaluations varies greatly among chemi-
cals and other hazardous agents in type, quantity, and quality, it is not possible to describe
the WOE evaluation in other than relatively general terms. It is thus not unexpected that
WOE judgments in particular cases can vary among experts and that consensus is sometimes
difficult to achieve.

Perhaps the most formal WOE activity undertaken in EPA concerns the classification of
carcinogens. The weighing of evidence from epidemiology and experimental studies pertain-
ing to specific chemicals or chemical mixtures that may be carcinogenic involves substantial
agency resources and can lead to controversy and extended debate.

One distinction made in EPA carcinogen classification is whether the available evidence
is sufficient to establish causality for humans (that is, whether a substance can be labeled as
a “known” human carcinogen) or falls short and indicates that the agent is a “likely” hu-
man carcinogen. Causal relationships can be more straightforward to establish in well-done
clinical and (in animals) experimental studies, but an individual observational (epidemiology)
study typically can establish only a statistical association. A larger body of epidemiologic
evidence can be sufficient to rule out bias and confounding with sufficient confidence to
support a causal relationship; with experimental evidence, it may be sufficient to establish
causality in humans. The weighing of such evidence can be controversial, so such institutions
as EPA, the International Agency for Research on Cancer (IARC), the Institute of Medicine
(IOM), and the National Toxicology Program (NTP) have developed practices and classifi-
cation schemes to aid the process of reaching conclusions about the overall evidence. NTP,
IOM, and TARC convene expert bodies to undertake WOE analyses of carcinogenicity data;
EPA relies on peer review by expert groups, such as its Science Advisory Board, to vet staff
findings on carcinogenicity evidence.

The committee notes that in some cases there does not appear to be substantial value in
the agency’s making distinctions between certain carcinogenicity classifications. Whether a
chemical is “carcinogenic in humans” or “likely to be carcinogenic in humans” generally has
no important influence on the ultimate quantification of risk and the use of risk estimates in
decision-making. In many regulatory contexts, known human carcinogens may be treated
no differently from “likely” human carcinogens: risks are estimated for all substances for
which there is sufficiently convincing evidence of carcinogenicity, irrespective of whether
human causality has been established, and the risk estimates are not adjusted according to
the WOE classification.

As a result, once the available evidence, either epidemiologic or experimental, is judged
sufficient to establish that a given finding of toxicity or carcinogenicity is potentially relevant
to humans, there may not be the need for further distinctions in classification, except in
some circumstances as a communication tool. Unless clear reasons are brought forward at
some stage, such as in the formative design stage of risk assessment, to support the need for
such a definitive human causality assessment, the committee sees no reason for the agency to
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spend time and resources to fine-tune the hazard classification in order to settle the question
of whether the agent is a likely or known cause of the effect in humans.

However, the systematic consideration of evidence in WOE analyses remains important
as a matter of good scientific practice. Thus, whether the accumulated evidence is sufficient
to consider a substance potentially hazardous to humans or is sufficient to support a given
MOA requires a weighing of individual studies and pieces of evidence, and this practice
should continue. The committee recommends that the agency remain mindful of cases in
which fine distinctions have little or no impact on the overall use of risk information.

WOE classification provides an example of distinctions between the formal VOI analysis
and the less formal value-of-methods analysis. The fact that these finer distinctions in WOE
classification are not used further in risk assessment or in any apparent decision rule used by
EPA suggests placing no value on the exercise to seek these distinctions, when the potential
benefit is viewed purely from a formal VOI analysis perspective (as illustrated in Figure 3-3).
But a WOE classification that distinguishes known from likely carcinogens may be deemed
by EPA to be required in support of other values associated with risk assessment practice
(for example, using a “good scientific practices” argument, or as the basis for a simplified
means of communication of the epistemic status of a claim of carcinogenicity). WOE is an
example of how EPA may benefit from a structured characterization (as described above and
illustrated in Figure 3-4) of the exact role of a resource-intensive method in supporting the
broader goals of public-health and environmental decision-making, which would include,
among many other aspects, the use of good scientific practices and consideration of good
communication practices. The method would require a more explicit valuation of important
attributes of quality in decision support.

CONCLUSIONS

e The nature of health and environmental risk management places great demands on
both the processes and the products of risk assessment. In reviewing the history and many
objectives of risk assessment, the committee finds that a more aggressive formative design
stage is critical for the future success of risk assessment. The design should reflect the many
objectives of the decision-making function and maintain this focus throughout the life cycle
of the assessment.

e The key role of design in risk assessment is captured in current EPA guidance for
ecologic risk assessment and cumulative human health risk assessment and embodied in the
tasks of planning and scoping and problem formulation.

e A key design consideration for risk assessment lies in the potential for a poorly
designed risk-assessment process to contribute to increased risk by a number of pathways.
These include the potential to contribute to excessive delays in decision-making, to divert
assessment and management attention from competing hazardous concerns, to contribute
to ill-informed substitution of one risk for another, and to create barriers to inclusion or
acceptance of risk assessments by various stakeholders.

e Decisions to invest in additional information to support a risk assessment are stan-
dard and important in risk management. The investment can be in the form of direct costs,
resource costs, or delay. Standard scientific rationales for asserting that a study is important
may be misleading when considered from a purely decision-centric perspective. The commit-
tee acknowledges the potential for a key beneficial role of VOI analysis in providing an objec-
tive measure of the potential impact of new information on a particular decision. A number
of barriers to application of formal VOI methods limit its general applicability. However, the
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underlying structure of VOI analysis in expressing an explicit causal link between informa-
tion, decision-maker behavior, and decision-making objectives is broadly applicable. It can
be extended to guiding a number of design decisions at the formative and later stages of risk-
assessment design. A value-of-methods analysis would provide an approach for considering
the impact of opportunities, in the form of specific activities or methods, to enhance a risk
assessment with respect to the overall quality of decision support and for considering any
costs associated with the activity or methods. The approach could be applied to assess the
value of current or proposed risk-assessment activities, for example, in weighing the value of
advanced methods of uncertainty analysis, weight-of-evidence methods, or the development
of complex computational models. The approach could also be applied to assess the benefit
of procedural methods, such as stakeholder consultations, more intensive peer reviews, or
methods to achieve greater transparency.

RECOMMENDATIONS

e The committee recommends that EPA strengthen its commitment to risk-assessment
planning. That can be achieved by formally including the requirement for formative and
iterative design of risk assessments that is user-centric and maintains focus on informing
decisions.

e  The committee recommends formalizing and implementing planning and scoping
and problem formulation in human health risk assessment and ensuring their continued
and intensive application in ecologic risk assessment. Important elements of formalization
would include specification of concrete documentary and related communication products
that would be expected as the outcomes of these formative design stages, and consideration
of the feasibility and benefits of explicitly arraying decision-making options as early as pos-
sible in the process in order to focus the analytic tasks in the risk-assessment process.

e The committee recommends that EPA design risk assessments with due consideration
of the potential for risk-assessment processes to contribute to unintended consequences,
such as delays in risk-based decision-making that may prolong exposure to risk, diversion
of attention away from other important risks within EPA’s mandate, and the potential for
uninformed risk-risk substitutions.

¢ The committee recommends that EPA consider the adoption of formal VOI methods
for highly quantified and well-structured decision-making problems, particularly those with
very high stakes, clear decision rules, and the possibility of substantial risks associated with
delays in decision-making. For the great majority of decisions that are not readily amenable
to formal VOI analysis, the committee recommends that EPA develop a structured evalua-
tion method that exploits, in a less quantitative fashion than formal VOI analysis, a causal
understanding of the impact of new information in specific decision-making situations. The
committee further recommends that EPA consider an extension of the structured evaluation
method, conceptually related to VOI analysis, to assess the potential value of diverse meth-
odologic options in risk assessment with respect to improving the overall quality of decision
support.

REFERENCES

Bartel, S.M., R.A. Ponce, T.K. Takaro, R.O. Zerbe, G.S. Omenn, and E. M. Faustman. 2000. Risk estimation and
value-of-information analysis for three proposed genetic screening programs for chronic beryllium disease
prevention. Risk Anal. 20(1):87-100.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

THE DESIGN OF RISK ASSESSMENTS 91

Borisova, T., J. Shortle, R.D. Horan, and D. Abler. 2005. Value of information for water quality management.
Water Resour. Res. 41, W06004, doi:10.1029/2004WR003576.

CENR (Committee on Environment and Natural Resources). 1999. Ecological Risk Assessment in the Federal
Government. CENR/5-99/001. Committee on Environment and Natural Resources, National Science and
Technology Council, Washington, DC.

Clemen, R.T. 1996. Making Hard Decisions: An Introduction to Decision Analysis, 2nd Ed. Boston: Duxbury
Press.

Crawford-Brown, D.J. 1999. Risk-Based Environmental Decisions: Methods and Culture. New York: Kluwer.

Dakins, M.E., J.E. Toll, M.]J. Small, and K.P. Brand. 1996. Risk-based environmental remediation: Bayesian Monte
Carlo Analysis and the expected value of sample information. Risk Anal. 16(1):67-79.

EPA (U.S. Environmental Protection Agency). 1989. Risk Assessment Guidance for Superfund, Vol. 1. Human
Health Evaluation Manual Part A. EPA/540/1-89/002. Office of Emergency and Remedial Response, U.S.
Environmental Protection Agency, Washington, DC. December 1989 [online]. Available: http://rais.ornl.
gov/homepage/HHEMA.pdf [accessed Jan. 11, 2008].

EPA (U.S. Environmental Protection Agency). 1991. Ecological Assessment of Superfund Sites: An Overview. EPA
9345.0-051. Office of Solid Waste and Emergency Response, U.S. Environmental Protection Agency, Washing-
ton, DC. ECO Update 1(2) [online]. Available: http://www.epa.gov/swerrims/riskassessment/ecoup/pdf/v1no2.
pdf [accessed Jan. 11, 2008].

EPA (U.S. Environmental Protection Agency). 1992. Framework for Ecological Risk Assessment. EPA/63-R-92/001.
Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC.

EPA (U.S. Environmental Protection Agency). 1997. Guidance on Cumulative Risk Assessment, Part 1 Planning
and Scoping. Science Policy Council, U.S. Environmental Protection Agency, Washington, DC. July 3, 1997
[online]. Available: http://www.epa.gov/brownfields/html-doc/cumrisk2.htm [accessed Jan. 14, 2008].

EPA (U.S. Environmental Protection Agency). 1998. Guidelines for Ecological Risk Assessment. EPA/630/R-95/002F.
Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC. April 1998 [online]. Avail-
able: http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=36512 [accessed Feb. 9, 2007].

EPA (U.S. Environmental Protection Agency). 2002. Lessons Learned on Planning and Scoping for Environmental
Risk Assessments. Science Policy Council Steering Committee, U.S. Environmental Protection Agency, Wash-
ington, DC. January 2002 [online]. Available: http://www.epa.gov/OSA/spc/pdfs/handbook.pdf [accessed Jan.
11, 2008].

EPA (U.S. Environmental Protection Agency). 2003. Framework for Cumulative Risk Assessment. EPA/600/P-
02/001F. National Center for Environmental Assessment, Risk Assessment Forum, U.S. Environmental Protec-
tion Agency, Washington, DC [online]. Available: http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=54944
[accessed Jan. 4, 2008].

EPA (U.S. Environmental Protection Agency). 2004a. Risk Assessment and Modeling-Air Toxics Risk Assessment
Library, Vol.1. Technical Resources Manual. EPA-453-K-04-001A. Office of Air Quality Planning and Stan-
dards, U.S. Environmental Protection Agency, Research Triangle Park, NC.

EPA (U.S. Environmental Protection Agency). 2004b. Risk Assessment Principles and Practices: Staff Paper.
EPA/100/B-04/001. Office of the Science Advisor, U.S. Environmental Protection Agency, Washington, DC.
March 2004 [online]. Available: http://www.epa.gov/osa/pdfs/ratf-final.pdf [accessed Jan. 9, 2008].

EPA (U.S. Environmental Protection Agency). 2005a. Guidelines for Carcinogen Risk Assessment. EPA/630/
P-03/001F Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC. March 2005
[online]. Available: http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=116283 [accessed Feb. 7, 2007].

EPA (U.S. Environmental Protection Agency). 2005b. Human Health Risk Assessment Protocol for Hazardous
Waste Combustion Facilities. EPA530-R-05-006. Office of Solid Waste and Emergency Response, U.S. En-
vironmental Protection Agency, Washington, DC [online]. Available: http://www.weblakes.com/hh_protocol.
html [accessed Jan. 11, 2008].

GAO (U.S. Government Accountability Office). 2006. Human Health Risk Assessment: EPA Has Taken Steps to
Strengthen Its Process, but Improvements Needed in Planning, Data Development, and Training. GAO-06-
595. Washington, DC: U.S. Government Accountability Office [online]. Available: http://www.gao.gov/new.
items/d06595.pdf [accessed Jan. 10, 2008].

Hammitt, J.K., and J.A.K. Cave. 1991. Research Planning for Food Safety: A Value of Information Approach.
R-3946-ASPE/NCTR. RAND Publication Series [online]. Available: http://www.rand.org/pubs/reports/2007/
R3946.pdf [accessed Jan. 11, 2008].

Hattis, D., and M.K. Lynch. 2007. Empirically observed distributions of pharmacokinetic and pharmacodynamic
variability in humans—Implications for the derivation of single point component uncertainty factors providing
equivalent protection as existing RfDs. Pp. 69-93 in Toxicokinetics in Risk Assessment, J.C. Lipscomb, and
E.V. Ohanian, eds. New York: Informa Healthcare.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

92 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

IEc (Industrial Economics, Inc.). 2000. Economic Value of Improved Exposure Information, Review Draft. EPA
Contract Number: GS-10F-0224]. Industrial Economics, Inc., Cambridge, MA.

Koines, A. 2005. Big Decisions: Initial Results of Benefit-Cost Analysis. Presentation at EPA’s Environmental In-
formation Symposium 2005: Supporting Decisions to Achieve Environmental Results, November 30, 2005,
Las Vegas, NV [online]. Available: http://www.epa.gov/oei/proceedings/2005/pdfs/koines.pdf [accessed Aug.
2, 2008].

Lave, L.B., and G.S. Omenn. 1986. Cost-effectiveness of short-term tests for carcinogenicity. Nature
324(6092):29-34.

Lave, L.B., EX. Ennever, H.S. Rosenkranz, and G.S. Omenn. 1988. Information value of the rodent bioassay.
Nature 336(6200):631-633.

Messner, M. and T.B. Murphy. 2005. Reducing Risk of Waterborne Illness in Public Water Systems: The Value of
Information in Determining the Optimal Treatment Plan. Poster presentation at EPA Science Forum 2005:
Collaborative Science for Environmental Solutions, May 16-18, 2005, Washington, DC [online]. Available:
http://www.epa.gov/sciforum/2005/pdfs/oeiposter/messner_michael_illness.pdf [accessed Aug. 5, 2008].

Moore, D.R.]., and G.R. Biddinger. 1996. The interaction between risk assessors and risk managers during the
problem formulation phase. Environ. Toxicol. Chem. 14(12):2013-2014.

Morgan, M.G., M. Henrion, and M. Small. 1990. Uncertainty: A Guide to Dealing with Uncertainty in Quantita-
tive Risk and Policy Analysis. Cambridge, MA: Cambridge University Press.

NRC (National Research Council). 1983. Risk Assessment in the Federal Government: Managing the Process.
Washington, DC: National Academy Press.

NRC (National Research Council). 1993. Issues in Risk Assessment. Washington, DC: National Academy Press.

NRC (National Research Council). 1994. Science and Judgment in Risk Assessment. Washington, DC: National
Academy Press.

NRC (National Research Council). 1996. Understanding Risk: Informing Decision in a Democratic Society. Wash-
ington, DC: National Academy Press.

NRC (National Research Council). 2007. Scientific Review of the Proposed Risk Assessment Bulletin from the
Office of Management and Budget. Washington, DC: The National Academies Press.

Raiffa, H. 1997. Decision Analysis: Introductory Lectures on Choices under Uncertainty. New York:
McGraw-Hill.

Suter II, G.W. 2006. Ecological Risk Assessment, 2nd Ed. Boca Raton, FL: CRC Press.

Suter II, G.W., S.B. Norton, and L.W. Barnthouse. 2003. The evolution of frameworks for ecological risk assess-
ment from the Red Book ancestor. Hum. Ecol. Risk Assess. 9(5):1349-1360.

Taylor, A.C., ].S. Evans, and T.E. McKone. 1993. The value of animal test information in environmental control
decisions. Risk Anal. 13(4):403-412.

Thompson, K.M., and J.S. Evans. 1997. The value of improved national exposure information for perchloroethy-
lene (Perc): A case study for dry cleaners. Risk Anal. 17(2): 253-271.

Yokota, F, and K.M. Thompson. 2004. Value of information analysis in environmental health risk management
decisions: Past, present, and future. Risk Anal. 24(3):635-650.

Yokota, E, G. Gray, J.K. Hammitt, and K.M. Thompson. 2004. Tiered chemical testing: A value of information
approach. Risk Anal. 24(6):1625-1639.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

Uncertainty and Variability:
The Recurring and Recalcitrant Elements
of Risk Assessment

INTRODUCTION TO THE ISSUES AND TERMINOLOGY

Characterizing uncertainty and variability is key to the human health risk-assessment
process, which must engage the best available science in the presence of uncertainties and
difficult-to-characterize variability to inform risk-management decisions. Many of the top-
ics in the committee’s statement of task (Appendix B) address in some way the treatment
of uncertainty or variability in risk analysis. Some of those topics have existed since the
early days of environmental risk assessment. For example, Risk Assessment in the Federal
Government: Managing the Process (NRC 1983), referred to as the Red Book, addressed
the use of inference guidelines or default assumptions. Science and Judgment in Risk Assess-
ment (NRC 1994) provided recommendations on defaults, use of quantitative methods for
uncertainty propagation, and variability in exposure and susceptibility. The role of expert
elicitation in uncertainty analysis has been considered in other fields for decades, although
it has only been examined and used in select recent cases by the Environmental Protection
Agency (EPA). Other topics identified in the committee’s charge whose improvement requires
new consideration of the best approaches for addressing uncertainty and variability include
the cumulative exposures to contaminant mixtures involving multiple sources, exposure
pathways, and routes; biologically relevant modes of action for estimating dose-response
relationships; models of environmental transport and fate, exposure, physiologically based
pharmacokinetics, and dose-response relationships; and linking of ecologic risk-analysis
methods to human health risk analysis.

Much has been written that addresses the taxonomy of uncertainty and variability and
the need and options for addressing them separately (Finkel 1990; Morgan et al. 1990; EPA
1997a,b; Cullen and Frey 1999; Krupnick et al. 2006). There are also several useful guide-
lines on the mechanics of uncertainty analysis. However, there is an absence of guidelines
on the appropriate degree of detail, rigor, and sophistication needed in an uncertainty or
variability analysis for a given risk assessment. The committee finds this to be a critical is-
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sue. In presentations to the committee (Kavlock 2006; Zenick 2006) and recent evaluations
of emerging scientific advances (NRC 2006a, 2007a,b), there is the promise of improved
capacity for assessing risks posed by new chemicals and risks to sensitive populations that
are left unaddressed by current methods. The reach and depth of risk assessment are sure to
improve with expanding computer tools, additional biomonitoring data, and new toxicology
techniques. But such advances will bring new challenges and an increased need for wisdom
and creativity in addressing uncertainty and variability. New guidelines on uncertainty
analysis (NRC 2007¢) can help enormously in the transition, facilitating the introduction
of the new knowledge and techniques into agency assessments.

Characterizing each stage in the risk assessment process—from environmental release
to exposure to health effect (Figure 4-1)—poses analytic challenges and includes dimensions
of uncertainty and variability. Consider trying to understand the possible dose received by
individuals and, on the average, by a population from the application of a pesticide. The
extent of release during pesticide application may not be well characterized. Once the pes-
ticide is released, the exposure pathways leading to an individual’s exposure are complex
and difficult to understand and model. Some of the released substance may be transformed
in the environment to a more or less toxic substance. The resulting overall exposure of the
community near where the pesticide is released can vary substantially among individuals by
age, geographic location, activity patterns, eating habits, and socioeconomic status. Thus,
there can be considerable uncertainty and variability in how much pesticide is received.
Those factors make it difficult to establish reliable exposure estimates for use in a risk as-
sessment, and they illustrate how the characterization of exposure with a single number can
be misleading. Understanding the dose-response relationship—the relationship between the
dose and risk boxes in Figure 4-1—is as complex and similarly involves issues of uncertainty
and variability. Quantifying the relationship between chemical exposure and the probabil-
ity of an adverse health effect is often complicated by the need to extrapolate results from
high doses to lower doses relevant to the population of interest and from animal studies to
humans. Finally, there are interindividual differences in susceptibility that are often difficult
to portray with confidence. Those issues can delay the completion of a risk assessment (for
decades in the case of dioxin) or undermine confidence in the public and those who use risk
assessments to inform and support their decisions.

Discussions of uncertainty and variability involve specific terminology. To avoid confu-
sion, the committee defines in Box 4-1 key terms as it has used them.

The importance of evaluating uncertainty and variability in risk assessments has
long been acknowledged in EPA documents (EPA 1989a, 1992, 1997a,b, 2002a, 2004a,
2006a) and National Research Council reports (NRC 1983, 1994). From the Red Book
framework and the committee’s emphasis on the need to consider risk management op-
tions in the design of risk assessments (Chapters 3 and 8), it is evident that risk assessors
must establish procedures that build confidence in the risk assessment and its results. EPA
builds confidence in its risk assessments by ensuring that the assessment process handles
uncertainty and variability in ways that are predictable, scientifically defensible, consistent
with the agency’s statutory mission, and responsive to the needs of decision-makers (NRC
1994). For example, several environmental statutes speak directly to the issue of protecting
susceptible and highly exposed people (EPA 2002a, 2005¢, 2006a). EPA has accordingly
developed risk-assessment practices for implementing these statutes, although, as noted
below and in Chapter 5, the overall treatment of uncertainty and variability in risk assess-
ments can be insufficient. Box 4-2 provides examples of why uncertainty and variability
are important to risk assessment.
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FIGURE 4-1 Illustration of key components evaluated in human health risk assessment, tracking pol-
lutants from environmental release to health effects.

In the sections below, the committee first reviews approaches to address uncertainty and
variability and comments on whether and how the approaches have been applied to EPA risk
assessments. The committee then focuses on uncertainty and variability as applied to each of
the stages of the risk-assessment process (as illustrated in Figure 4-1, which expands beyond
the four steps from the Red Book to consider subcomponents of risk assessment). The chapter
concludes by articulating principles for uncertainty and variability analysis, leaving detailed
recommendations on specific aspects of the risk-assessment process to Chapters 5 through
7. The committee notes that elements of exposure assessment are not addressed extensively
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BOX 4-1 Terminology Related to Uncertainty and Variability?

Accuracy: Closeness of a measured or computed value to its “true” value, where the “true” value is
obtained with perfect information. Owing to the natural heterogeneity and stochastic nature of many
biologic and environmental systems, the “true” value may exist as a distribution rather than a discrete
value.

Analytic model: A mathematical model that can be solved in closed form. For example, some model
algorithms that are based on relatively simple differential equations can be solved analytically to
provide a single solution.

Bias: A systematic distortion of a model result or value due to measurement technique or model
structure or assumption.

Computational model: A model that is expressed in formal mathematics with equations, statistical
relationships, or a combination of the two and that may or may not have a closed-form representa-
tion. Values, judgment, and tacit knowledge are inevitably embedded in the structure, assumptions,
and default parameters, but computational models are inherently quantitative, relating phenomena
through mathematical relationships and producing numerical results.

Deterministic model: A model that provides a single solution for the stated variables. This type of
model does not explicitly simulate the effects of uncertainty or variability, as changes in model outputs
are due solely to changes in model components.

Domain (spatial and temporal): The limits of space and time that are specified in a risk assessment
or risk-assessment component.

Empirical model: A model that has a structure based on experience or experimentation and does
not necessarily have a structure informed by a causal theory of the modeled process. This type of
model can be used to develop relationships that are useful for forecasting and describing trends in
behavior but may not necessarily be mechanistically relevant. Empirical dose-response models can
be derived from experimental or epidemiologic observations.

Expert elicitation: A process for obtaining expert opinions about uncertain quantities and probabili-
ties. Typically, structured interviews and questionnaires are used in such elicitation. Expert elicitation
may include “coaching” techniques to help the expert to conceptualize, visualize, and quantify the
quantity or understanding being sought.

Model: A simplification of reality that is constructed to gain insights into select attributes of a particu-
lar physical, biologic, economic, or social system. Mathematical models express the simplification in
quantitative terms.

2Compiled or adapted from NRC (2007d) and IPCS (2004).

in further chapters, as compared with other steps in the risk-assessment process, given our
judgment that previous reports had sufficiently addressed many key elements of exposure
assessment and that the exposure-assessment methods that EPA has developed and used in
recent risk assessments generally reflect good technical practice, other than the overarching
issues related to uncertainty and variability analysis and decisions about the appropriate
analytic scope for the decision context.
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Parameters: Terms in a model that determine the specific model form. For computational models,
these terms are fixed during a model run or simulation, and they define the model output. They can
be changed in different runs as a method of conducting sensitivity analysis or to achieve calibration
goals.

Precision: The quality of a measurement that is reproducible in amount or performance. Measure-
ments can be precise in that they are reproducible but can be inaccurate and differ from “true” values
when biases exist. In risk-assessment outcomes and other forms of quantitative information, precision
refers specifically to variation among a set of quantitative estimates of outcomes.

Reliability: The confidence that (potential) users should have in a quantitative assessment and in the
information derived from it. Reliability is related to both precision and accuracy.

Sensitivity: The degree to which the outputs of a quantitative assessment are affected by changes
in selected input parameters or assumptions.

Stochastic model: A model that involves random variables (see definition of variable below).

Susceptibility: The capacity to be affected. Variation in risk reflects susceptibility. A person can
be at greater or less risk relative to the person in the population who is at median risk because of
such characteristics as age, sex, genetic attributes, socioeconomic status, prior exposure to harmful
agents, and stress.

Variable: In mathematics, a variable is used to represent a quantity that has the potential to change.
In the physical sciences and engineering, a variable is a quantity whose value may vary over the
course of an experiment (including simulations), across samples, or during the operation of a system.
In statistics, a random variable is one whose observed outcomes may be considered outcomes of a
stochastic or random experiment. Their probability distributions can be estimated from observations.
Generally, when a variable is fixed to take on a particular value for a computation, it is referred to as
a parameter.

Variability: Variability refers to true differences in attributes due to heterogeneity or diversity. Variability
is usually not reducible by further measurement or study, although it can be better characterized.

Vulnerability: The intrinsic predisposition of an exposed element (person, community, population, or
ecologic entity) to suffer harm from external stresses and perturbations; it is based on variations in
disease susceptibility, psychological and social factors, exposures, and adaptive measures to antici-
pate and reduce future harm, and to recover from an insult.

Uncertainty: Lack or incompleteness of information. Quantitative uncertainty analysis attempts to
analyze and describe the degree to which a calculated value may differ from the true value; it some-
times uses probability distributions. Uncertainty depends on the quality, quantity, and relevance of
data and on the reliability and relevance of models and assumptions.

UNCERTAINTY IN RISK ASSESSMENT

Uncertainty is foremost among the recurring themes in risk assessment. In quantitative
assessments, uncertainty refers to lack of information, incomplete information, or incorrect
information. Uncertainty in a risk assessment depends on the quantity, quality, and relevance
of data and on the reliability and relevance of models and inferences used to fill data gaps.
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BOX 4-2 Some Reasons Why It Is Important to
Quantify Uncertainty and Variability

Uncertainty

o Characterizing uncertainty in risk informs the affected public about the range of possible risks
from an exposure that they may be experiencing. Risk estimates sometimes diverge widely.

e Characterizing the uncertainty in risk associated with a given decision informs the decision-
maker about the range of potential risks that result from the decision. That helps in evaluating any
decision alternative on the basis of the possible risks, including the most likely and the worst ones; it
also informs the public.

e Mathematically, it is often not possible to understand what may occur on average without
understanding what the possibilities are and how probable they are.

e The value of new research or alternative research strategies can be assessed by considering
how much the research is expected to reduce the overall uncertainty in the risk estimate and how the
reduction in uncertainty leads to different decision options.

e Although the committee is not aware of any research to prove it, there is a strong sense among
risk assessors that acknowledging uncertainty adds to the credibility and transparency of the decision-
making process.

Variability

e Assessing variability in risk enables the development of risk-management options that focus on
the people at greatest risk rather than on population averages. For example, the risk from exposures to
particular vehicle emissions varies in a population and can be much higher in those close to roadways
than the population average. That has implications for zoning and school-siting decisions.

e Understanding how the population may vary in risk can facilitate understanding of the shape
of the dose-response curve (see Chapter 5). Greater use of genetic markers for factors contributing to
variability can support this effort.

e ltis often not possible to estimate an average population risk without knowing how risk varies
among individuals in the population.

e On the basis of understanding how different exposures may affect risk, people might alter
their own level of risk, for example, by filtering their drinking water or eating fewer helpings of swordfish
(which is high in methyl mercury).

e The aims of environmental justice are furthered when it becomes clear that some community
groups are at greater risk than the overall group and policy initiatives are undertaken to rectify the
imbalance.

For example, the quantity, quality, and relevance of data on dietary habits and a pesticide’s
fate and transport will affect the uncertainty of parameter values used to assess population
variability in the consumption of the pesticide in food and drinking water. The assumptions
and scenarios applied to address a lack of data on how frequently a person eats a particular
food affect the mean and variance of the intake and the resulting risk distribution. It is the
risk assessor’s job to communicate not only the nature and likelihood of possible harm but
the uncertainty in the assessment. One of the more significant types of uncertainties in EPA
risk assessments can be characterized as “unknown unknowns”—factors that the assessor is
not aware of. These uncertainties cannot be captured by standard quantitative uncertainty
analyses, but can only be addressed with an interactive approach that allows timely and
effective detection, analysis, and correction.

EPA’s practices in uncertainty analysis are reviewed below. The discussion of practice
begins by considering EPA’s use of defaults. An expanded treatment of uncertainty beyond
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defaults requires additional techniques. Specific analytic techniques that EPA has used or
could use in these contexts are discussed below, including Monte Carlo analysis for quantita-
tive uncertainty analysis, expert elicitation, methods for addressing model uncertainty, and
addressing uncertainty in risk comparisons. In parallel, the conduct of assessments (including
uncertainty analysis) that are appropriate in complexity for risk-management decisions is
discussed with considerations for uncertainty analyses used to support risk-risk, risk-benefit,
and cost-benefit comparisons and tradeoffs.

The Environmental Protection Agency’s Use of
Available Methods for Addressing Uncertainty

EPA’s treatment of uncertainty is evident both in its guidance documents and from a
review of important risk assessments that it has conducted (EPA 1986, 1989a,b, 1997a,b,c,
2001, 2004a, 2005b). The agency’s guidance follows in large part from recommendations
in the Red Book (NRC 1983) and other National Research Council reports (for example,
NRC 1994, 1996).

Use of Defaults

As described in the Red Book, because of large inherent uncertainties, human health risk
assessment “requires judgments to be made when the available information is incomplete”
(NRC 1983, p. 48). To ensure that the judgments are consistent, explicit, and not unduly
influenced by risk-management considerations, the Red Book recommended that so-called
“inference guidelines,” commonly referred to as defaults, be developed independently of any
particular risk assessment (p. 51). Science and Judgment in Risk Assessment (NRC 1994)
reaffirmed the use of defaults as a means of facilitating the completion of risk assessments.
EPA often relies on default assumptions when “the chemical- and/or site-specific data are
unavailable (i.e., when there are data gaps) or insufficient to estimate parameters or resolve
paradigms . . . to continue with the risk assessment” (EPA 2004a, p. 51). Defaults which
are the focus of controversy and debate are often needed to complete cancer-hazard iden-
tification and dose-response assessment. Because of their importance and the need to ad-
dress some of the above concerns, the committee devotes Chapter 6 to default assumptions.
Consideration is given to how risk assessments can use emerging methods to characterize
uncertainties more explicitly while conveying the information needed to inform near-term
risk-management decisions.

Some approaches based on defaults lead to confusion about levels of uncertainty. For
example, EPA estimates cancer risk from the results of animal studies based on default as-
sumptions and then applies likelihood methods to fit models to tumor data and character-
izes the dose-response relationship with the lower 95% confidence bound typically on a
dose that causes a 10% tumor response beyond background (see Chapter 5). In the past, it
estimated the upper 95% confidence bound in the linear term in the multistage polynomial,
that is, the “cancer potency.” It usually does not show the opposite bound or other points
in the distribution. EPA’s approach is reasonable, but it can lead to misunderstanding when
the bounds on the final risk calculations are overinterpreted, for example, when bounds
are discussed as characterizing the full range of uncertainty in the assessment. When a new
study shows a higher upper bound on the potency or a lower bound on the risk-specific
dose, it may appear that uncertainty has increased with further study. From a strictly Bayes-
ian perspective, additional information can never increase uncertainty if the underlying
distributional structure of uncertainty is correctly specified. However, when mischaracter-
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ized and misunderstood, the framework for defaults used by EPA can make it appear that
uncertainty is increasing. For example, suppose that there was an epidemiologic study of the
effects of an environmental contaminant, and suppose that the degree of overall uncertainty
is incorrectly characterized by the parameter uncertainty in fitting a dose-response slope to
the results of that single study. If a second study caused EPA to select an alternative value
for the dose-response slope, the risk estimate would change. The uncertainty conditional on
one or the other causal model may or may not change. Chapters 5 and 6 suggest approaches
to establishment of defaults and uncertainty characterization that may encourage research
that could reduce key uncertainties.

Quantitative Uncertainty Analysis

In a quantitative uncertainty analysis (QUA), both uncertainty and variability in differ-
ent components of the assessment (emissions, transport, exposure, pharmacokinetics, and
dose-response relationship) are combined by using an uncertainty-propagation method,
such as Monte Carlo simulation, with two-stage Monte Carlo analysis utilized to separate
uncertainty and variability to the extent possible. This approach has been referred to as
probabilistic risk assessment, but the committee prefers to avoid this term because of its
association with fault-tree analysis in engineering. The use of the term QUA to encompass
variability as well as uncertainty is awkward, but we use this term going forward to be
consistent with its usage elsewhere.

In the federal government, an early user of QUA was the Nuclear Regulatory Com-
mission. In the mid-1970s, the Nuclear Regulatory Commission used QUA that involved
considerable use of expert judgment to characterize the likelihood of nuclear reactor failure
(USNRC 1975). QUA became more commonly used in EPA in the late 1980s. EPA has
since been encouraging the use of QUA in many programs, and the computational methods
required have become more readily available and practicable.

An example of the evolution of the use of QUA in EPA is its risk-assessment guidance
for Superfund. The 1989 Risk Assessment Guidance for Superfund (RAGS), Volume 1 (EPA
1989a) and supporting guidance describe a point-estimate (single-value) approach to risk as-
sessment. The output of the risk equation is a point estimate that could be a central-tendency
exposure estimate of risk (for example, the mean or median risk) or reasonable-maximum-
exposure (RME) estimate of risk (for example, the risk expected if the RME occurred),
depending on the input values used in the risk equation. But RAGS, Volume 3, Part A (EPA
2001) describes a probabilistic approach that uses probability distributions for one or more
variables in a risk equation to characterize variability and uncertainty quantitatively.

The common practice of choosing high percentile values (ensuring one-sided confidence)
for multiple uncertain variables provides results that are probably above the median but still
at an unknown percentile of the risk distribution (EPA 2002a). QUA techniques, such as
those in RAGS, Volume 3, can address this issue in part, but a few major concerns regard-
ing their use in EPA remain. First, they require training to be used appropriately. Second,
even if they are used appropriately, their outputs may not be easily understood by deci-
sion-makers. So training is recommended not only for risk assessors but for risk managers
(see recommendations in Chapter 2). Third and perhaps most important, in many contexts,
the data may not be available to characterize all input distributions fully, in which case the
assessment either involves subjective judgments or systematically omits key uncertainties.
For formal QUA to be most informative, the treatment of uncertainty should, to the extent
feasible, be homologous among components of the risk assessment (exposure, dose, and
dose-response relationship).
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The differential treatment of uncertainty among components of a risk assessment
makes the communication of overall uncertainty difficult and sometimes misleading. For
example, in EPA’s regulatory impact analysis for the Clean Air Interstate Rule (EPA 2005c¢),
formal probabilistic uncertainty analysis was conducted with the Monte Carlo method, but
this considered only sampling variability in epidemiologic studies used for dose-response
functions and in valuation studies. EPA used expert elicitation for a more comprehensive
characterization of dose-response relationship uncertainty, but this was not integrated into
a single output distribution. Within the quantitative uncertainty analysis, emissions and fate
and transport modeling outputs were assumed to be known with no uncertainty. Although
EPA explicitly acknowledged the omitted uncertainty in a qualitative discussion, it was not
addressed quantitatively. The 95% confidence intervals reported did not reflect the actual
confidence level, because the important uncertainties in other components were not included.
The training mentioned above therefore should not only be related to the mechanical aspects
of software packages but address issues of interpretability and the goal of treating uncertainty
consistently among all components of risk assessment.

An earlier National Research Council committee (NRC 2002) and the EPA SAB (2004)
also raised concerns about the inconsistent approach to uncertainty characterization. How-
ever, it is important to recognize that there are some uncertainties in environmental and
health risk assessments that defy quantification (even by expert elicitation) (IPCS 2006; NRC
2007d) and that inconsistency in approach will be an issue to grapple with in risk charac-
terization for some time to come. The call for homologous treatment of uncertainty should
not be read as a call for “least-common-denominator” uncertainty analysis, in which the
difficulty of characterizing uncertainty in one dimension of the analysis leads to the omission
of formal uncertainty analysis in other components.

Use of Expert Judgment!

It often happens in practice that empirical evidence on some components of a risk as-
sessment is insufficient to establish uncertainty bounds and evidence on other components
captures only a fraction of the total uncertainty. When large uncertainties result from a com-
bination of lack of data and lack of conceptual understanding (for example, a mechanism
of action at low dose), some regulatory agencies have relied on expert judgment to fill the
gaps or establish default assumptions. Expert judgment involves asking a set of carefully
selected experts a series of questions related to a specific array of potential outcomes and
usually providing them with extensive briefing material, training activities, and calibration
exercises to help in the determination of confidence intervals. Formal expert judgment has
been used in risk analysis since the 1975 Reactor Safety Study (USNRC 1975), and there
are multiple examples in the academic literature (Spetzler and von Holstein 1975; Evans et
al. 1994; Budnitz et al. 1998; IEc 2006). EPA applications have been more limited, perhaps
in part because of institutional and statutory constraints, but interest is growing in the
agency. The 2005 Guidelines for Carcinogen Risk Assessment (EPA 2005b, p. 3-32) state
that “these cancer guidelines are flexible enough to accommodate the use of expert elicita-
tion to characterize cancer risks, as a complement to the methods presented in the cancer
guidelines.” A recent study of health effects of particulate matter used expert elicitation to
characterize uncertainties in the concentration-response function for mortality from fine
particulate matter (IEc 2006).

Expert elicitation can provide interesting and potentially valuable information, but some

IExpert judgment is analogous to the term expert elicitation.
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critical issues remain to be addressed. It is unclear precisely how EPA can use this informa-
tion in its risk assessments. For example, in its regulatory impact analysis of the National
Ambient Air Quality Standard for PM, ; (particulate matter no larger than 2.5 pm in aero-
dynamic diameter), EPA did not use the outputs of the expert elicitation to determine the
confidence interval for the concentration-response function for uncertainty propagation but
instead calculated alternative risk estimates corresponding to each individual expert’s judg-
ment with no weighting or combining of judgments (EPA 2006b). It is unclear how that type
of information can be used productively by a risk manager, inasmuch as it does not convey
any sense of the likelihood of various values, although seeing the range and commonality
of judgments of individual experts may be enlightening. Formally combining the judgments
can obscure the degree of their heterogeneity, and there are important methodologic debates
on the merits of weighing expert opinions on the basis of their performance on calibration
exercises (Evans et al. 1994; Budnitz et al. 1998). Two other problems are the need to com-
bine incompatible judgments or models and the technical issue of training and calibration
when there is a fundamental lack of knowledge and no opportunity for direct observation
of the phenomenon being estimated (for example, the risk of a particular disease at an
environmental dose). Although methods have been developed to address various biases in
expert elicitation, expert mischaracterization is still expected (NRC 1996; Cullen and Small
2004). Some findings about judgment in the face of uncertainty that can apply to experts
are provided in Box 4-3. Other practical issues are the cost of and time required for expert
elicitation, management of conflict of interest, and the need for a substantial evidence base
on which the experts can draw to make expert elicitation useful.

Given all of those limitations, there are few settings in which expert elicitation is likely to
provide information necessary for discriminating among risk-management options. The com-
mittee suggests that expert elicitation be kept in the portfolio of uncertainty-characterization

BOX 4-3 Cognitive Tendencies That Affect Expert Judgment

Availability: The tendency to assign greater probability to commonly encountered or frequently men-
tioned events.

Anchoring and adjustment: The tendency to be over-influenced by the first information seen or pro-
vided in an initial problem formulation.

Representativeness: The tendency to judge an event by reference to another that in the eye of the
expert resembles it, even in the absence of relevant information.

Disqualification: The tendency to ignore data or strongly discount evidence that contradicts strongly
held convictions.

Belief in “law of small numbers”: The tendency of scientists to believe small samples from a popula-
tion to be more representative than is justified.

Overconfidence: The tendency of experts to overestimate the probability that their answers are
correct.

Source: Adapted from NRC 1996; Cullen and Small 2004.
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options available to EPA but that it be used only when necessary for decision-making and
when evidence to support its use is available. The general concept of determining the level
of sophistication in uncertainty analysis (which could include expert elicitation or complex
QUA) based on decision-making needs is outlined in more detail below.

Level of Uncertainty Analysis Needed

The discussion of the variety of ways in which EPA has dealt with uncertainty—from
defaults to standard QUA to expert elicitation—raises the question of the level of analysis
that is needed in any given problem. A careful assessment of when a detailed assessment of
uncertainty is needed may avoid putting additional analytic burdens on EPA staff or limiting
the ability of EPA staff to complete timely assessments. Formal QUA is not necessary and
not recommended for all risk assessments. For example, for a risk assessment conducted
to inform a choice among various control strategies, if a simple (but informative and com-
prehensive) evaluation of uncertainties reveals that the choice is robust with respect to key
uncertainties, there is no need for a more formal treatment of uncertainty. More complex
characterization of uncertainty is necessary only to the extent that it is needed to inform
specific risk-management decisions. It is important to address the extent and nature of
uncertainty analysis needed in the planning and scoping phase of a risk assessment (see
Chapter 3).

For many problems, an initial sensitivity analysis can help determine those parameters
whose uncertainty might most impact a decision and thus require a more detailed uncertainty
analysis. One valuable approach involves utilizing tornado diagrams, in which individual
parameters are permitted to vary while all other uncertain parameters are held fixed. The
output of this exercise provides a graphical plot of parameters that have the largest influence
on the final risk calculation. This both provides a visual representation of the sensitivity
analysis, helpful for communication to risk managers and other stakeholders, and determines
the subset of parameters that could be carried forward in more sophisticated QUA.

“Tiers” or “levels” of sophistication in QUA in risk assessment have been discussed.
Paté-Cornell (1996) proposed six levels ranging from level 0 (hazard detection and failure-
mode identification) to level 5 (QUA with multiple risk curves reflecting variability at dif-
ferent levels of uncertainty). Similarly, in its draft report on the treatment of uncertainty in
exposure assessment, the International Programme on Chemical Safety (IPCS 2006) has pro-
posed four tiers for addressing uncertainty and variability in exposure assessment, from the
use of default assumptions to sophisticated QUA. The IPCS tiers are shown in Box 4-4.

BOX 4-4 Levels of Uncertainty Analysis

Tier 0: Default assumptions—single value of result.

Tier 1: Qualitative but systematic identification and characterization of uncertainty.

Tier 2: Quantitative evaluation of uncertainty making use of bounding values, interval analysis, and
sensitivity analysis.

Tier 3: Probabilistic assessment with single or multiple outcome distributions reflecting uncertainty
and variability.

Source: IPCS 2006.
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The committee does not endorse any specific ranking approaches but favors the up-front
consideration of levels of sophistication in uncertainty analyses and notes that there is a
continuum of approaches rather than a number of discrete options. The characterization of
uncertainty and variability in a risk assessment should be planned and managed and matched
to the needs of the stakeholders involved in risk-informed decisions. In evaluating the trad-
eoff between the higher level of effort needed to conduct a more sophisticated analysis and
the need to make timely decisions, EPA should take into account both the level of technical
sophistication needed to identify the optimal course of action and the negative impacts that
will result if the optimal course of action is incorrectly identified. If a relatively simple analysis
of uncertainty (for example, a nonprobabilistic assessment of bounds) is sufficient to identify
one course of action as clearly better than all the others, there is no need for further elucida-
tion. In contrast, when the best choice is not so clear and the consequences of a wrong choice
would be serious, EPA can proceed in an iterative manner, making the analysis more and
more sophisticated until the optimal choice is sufficiently clear. In so doing, EPA should be
mindful that one of the greatest costs of more sophisticated analysis can be the time involved,
during which populations may continue to be exposed to an agent or costs may be incurred
unnecessarily. Related to these issues, in planning the uncertainty analysis and interpreting
lower-tier uncertainty analyses, it is preferable to have up-front agreement on terms of refer-
ence. For example, calls for “central tendencies,” “best estimates,” or “plausible” upper or
lower bounds of risk are of little value if these terms are not clearly defined.

EPA has an opportunity and responsibility to develop guidelines for uncertainty analysis
both to define terms of reference and to offer insight into appropriate tailoring of sophis-
tication and level of practice to individual risk-management decisions. EPA has limited re-
sources and should not be expected to treat all issues using a single approach or process. The
tiered approach to uncertainty analysis provides EPA the opportunity to match the degree
of sophistication in uncertainty analysis to the level of concern for a specific risk problem
and to the decision-making needs to address that problem. Lower-tier uncertainty analysis
methods can be used in a screening step to determine whether the information is adequate
to make decisions and to identify situations in which more intensive quantitative methods
would be necessary.

Special Concerns about Uncertainty Analysis for Risk or Cost-Benefit Tradeoffs

In making risk comparisons or cost-benefit determinations, consistency in addressing un-
certainty in the risks, costs, and benefits being compared is particularly important, and fuller
descriptions of uncertainty than provided by an upper confidence limit are also important.
The approaches described above are typically applied to develop confidence bounds and a
probability distribution for a single risk. Although assessors commonly analyze one risk at
a time, many assessments are done to support analyses of various options for controlling
a hazard. They can involve considering more than one uncertain quantity at the same time
with respect to

e  Which of several risks deserves higher priority.

e The net risk of an environmental control action (reduction in risk less any increases
in risk because of substitution or risk transfer).

e The net benefits of an action (reduction in risk less any costs incurred).

e  The total benefits of an action (the monetized reduction in risk in light of the baseline
level of risk even if costs are ignored).
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Two issues make uncertainty analyses for risk-risk and risk-benefit or cost compari-
sons more informative but also more difficult to do properly than single-item QUA. First,
uncertainty in multiple risks means that simply stating that one risk is or is not larger than
another risk, or that the benefits are or are not larger than the costs, is not a well-formulated
comparison; the key is to determine the probability that one risk is larger or one action is
preferable. Second, there is the question of how large the uncertainty is when comparing
multiple with individual risks (Finkel 1995b). If the uncertainties in each of the items being
compared are related, the uncertainty in the comparison can be less than that in an indi-
vidual risk. But usually the uncertainties will be independent and not related. For example,
uncertainty in risk based on estimating exposure and addressing toxicologic information
will generally be completely independent of cost estimates for reducing the risk, which may
be based on consumer and producer behavior.

As a result, uncertainties in a comparison can exceed the uncertainty in items being
compared, an important issue that has implications in developing and using risk estimates.
Box 4-5 provides a simple but informative example about comparing two uncertain quan-
tities. These quantities are risks, but they could be any measurable quantities of interest.
The examples include a comparison of discrete and continuous probabilities. This simple
example reveals the need to address confidence intervals both when assessing risk and when
comparing risk.

This discussion illustrates that statements regarding risk comparisons, or costs vs ben-
efits, would be made better in probabilistic than in deterministic terms. The question “Do
the benefits exceed the costs?” can be given an unequivocal yes answer only if virtually all
possible values of the net benefit distribution are positive. This does not necessarily imply
that EPA must utilize sophisticated QUA whenever risk-risk or benefit-cost comparisons are
required. An iterative approach as proposed earlier can allow for a determination of whether
benefits clearly exceed costs (or vice versa) using a relatively simple analysis of uncertainty,
or whether more detailed analyses would be required to make this comparison interpretable.
These efforts would benefit from EPA guidance on uncertainty and the concept of statistical
significance as applied to cost-benefit and risk comparison analyses, with a specific emphasis
on the use of a tiered uncertainty analysis approach in this context.

Model Uncertainty

One of the dimensions of uncertainty that is difficult to capture quantitatively (or even
qualitatively) involves model uncertainty. The National Research Council (NRC 2007d)
noted that there is a range of options for performing model-uncertainty analysis. One com-
putationally intense option is to represent all model uncertainties probabilistically, including
the uncertainties associated with a choice between alternative models or alternative model
assumptions. Another option is to use a scenario or sensitivity assessment that might consider
model results for a small number of plausible cases. A third option is to address uncertainty
with default parameters and a “default model such that there is no explicit quantification
of model uncertainty.” The first option has the problem of demanding detailed probabilistic
analyses among one or more models that include potentially large numbers of parameters
whose uncertainties must be estimated, often with little information. Such problems are
compounded when models are linked into a highly complex system. In the second option
noted above, when scenario assessment and sensitivity analysis are used to evaluate model
uncertainty without making explicit use of probability, such a deterministic approach is
easy to implement and understand but typically does not include what is known about each
scenario’s likelihood. In many situations, some combination of these first two approaches is
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BOX 4-5 Examples of Uncertainties for Comparisons of Discrete and
Continuous Possibilities

Example 1: Discrete

Consider two quantities, A and B—they could be two disparate risks being compared, a “target”
risk and an “offsetting” risk, or a benefit estimate (A) and the corresponding cost estimate (B). In any
case, we are fairly confident (80%) that A has the value 20, but believe with 10% probability each that
we might have over- or underestimated A by a factor of 2 (that is, A can be 10 with probability 0.1, or
40 with probability 0.1). Similarly, we are fairly confident (80%) that B has the value 15, but with 10%
probability it could be a factor of 3 higher or lower.

Given the 3 possible discrete values of A, and the 3 possible values of B, there are 9 possible true
values of the ratio (A/B), as given in the following table. Assigning A and B as independent random vari-
ables with the marginal distributions specified, for example, P(A=10)=P(A=40)=0.10 and P(A=20)=0.80,
leads immediately to the joint distribution specified below since the joint distribution of independent
random variables is the product of their marginal distributions.

Ratio of A to B for different values and probabilities of A and B
Value of A [prob(A

10 (10%) 20 (80%) 40 (10%)
Value of B [prob(B)] A/B prob(A/B) A/B prob(A/B) A/B prob(A/B)
5 (10%) 2 1% 4 8% 8 1%
15 (80%) 0.67 8% 1.3 64% 27 8%
45 (10%) 022 1% 044 8% 089 1%

In this case, although the highest possible value of A differs from its lowest possible value by a
factor of 4, and the extreme values of B differ from each other by a factor of 9, the ratio A/B can be as
low as 0.22 or as high as 8, a factor of 36 difference. The uncertainty in the comparison exceeds the
uncertainty in either quantity. A is “probably” greater than B, but for four of the nine possibilities, with a
total likelihood of 18%, B is in fact greater than A.

Example 2: Continuous

Now suppose A and B are both lognormally distributed, and each have the exact same PDF but
are uncorrelated with one another. Assume that the median value is 10, and the logarithmic standard
deviation is 1.0986 (a geometric standard deviation of exactly e1.0986, or 3). In this case, the PDF for
(A/B) has an exact solution: it too is lognormal, with a median of 1.0 (the median of A divided by the
median of B), and a logarithmic standard deviation of 1.554 (which is the square root of the sum of
[1.09862 plus 1.09862)).

In this case, we could say that on the basis of median values, A and B are equal, but that statement
would be highly uncertain. In fact, there is a 5 percent chance that (A/B) is equal to 12.9 or larger?,
and a corresponding chance that (A/B) is equal to 0.078 or smaller. Note that while the 90th percentile
width for A alone spans a factor of 37, as does the 90th percentile width for B alone, the ratio is even
more uncertain: (12.9) divided by (0.078) equals 165.

Even though the typical values of the two risks are “equal,” it would be incorrect to report that they
are equal (or that the net benefit is zero, or that the substitution risk cancels out the primary risk). In
fact, this analysis tells us that we cannot confidently determine which quantity is greater, which is quite
different from being able to pronounce them as equal.

aThis number is equal to the median (1) times exp[(1.554)(1.645)], the upper 95th percentile point.
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appropriate. The balance between detailed probabilistic modeling and scenario and sensitiv-
ity evaluation is determined by the purpose of the model and the specific needs of a given
risk assessment—another matter that would benefit from guidance.

Finally, with respect to the third option of default modeling, the National Research
Council (NRC 2007d, pp. 26-27) observed that models of natural systems are necessarily
never complete and that in regulatory modeling “assumptions and defaults are unavoidable
as there is never a complete data set to develop a model.” It also noted that the fundamental
uncertainties and limitations, although “critical to understand when using environmental
models . . . do not constitute reasons why modeling should not be performed. When done
in a manner that makes effective use of existing science and that is understandable to stake-
holders and the public, models can be very effective for assessing and choosing amongst
environmental regulatory activities and communicating with decision-makers and the pub-
lic.” The present committee agrees.

Committee Observations Regarding the Treatment of Uncertainty

Although EPA has developed methods for addressing parameter uncertainty, particu-
larly for exposure assessment, the remaining challenge is to address uncertainties that are
difficult to capture with probability distributions and to provide guidance for the level of
detail needed to capture and communicate key uncertainties. Many decision-makers tend to
believe that with sufficient resources, science and technology will provide an obvious and
cost-effective solution to the problems of protecting human health and the environment. In
reality, however, there are many sources of uncertainty, and many uncertainties cannot be
reduced or even quantified (see Box 4-6 for a discussion of model and parameter uncertainty).
The committee’s review of uncertainty reveals that developing quantitative risk estimates in
the face of substantial uncertainty and appropriately characterizing the degree of confidence
in the results are recurring challenges in risk assessment that must be addressed over the
coming decade.

As noted above, there are different strategies (or levels of sophistication) for addressing
uncertainty. Regardless of which level is selected, it is important to provide the decision-
maker with information to distinguish reducible from irreducible uncertainty, to separate
individual variability from true scientific uncertainty, to address margins of safety, and to
consider benefits, costs, and comparable risks when identifying and evaluating options. To
make risk assessment consistent with such an approach, EPA should incorporate formal and
transparent treatment of uncertainties in each component of the risk-characterization process
and develop guidelines to advise assessors on how to proceed.

The methods of addressing uncertainty vary widely in their implementation, their ex-
pected formality, and their cost and time requirements. The options for uncertainty analysis
vary considerably in their ability to be understood by decision-makers and other parties.
Although it is not stressed in the technical literature on uncertainty analysis, it is worth
remembering that the product of risk assessment is in the end primarily a communication
product (see Chapter 3). Therefore, perhaps the most appropriate measure of quality in the
uncertainty analysis is whether it improves the capacity of the primary decision-maker to
make informed decisions in the presence of substantial, inevitable, and irreducible uncer-
tainty. Another important measure of quality is whether it improves the understanding of
other stakeholders and thus fosters and supports the broader public interests in the deci-
sion-making process. The choice of methods of expressing uncertainty is important and is
clearly a design problem that requires careful attention to objectives.
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BOX 4-6 Expressing and Distinguishing Model and Parameter Uncertainty

Choosing which uncertainties to leave unaddressed and which to express and deciding how best
to express them can be daunting tasks. As a simple example of expressing uncertainty, consider two
distinct sources of uncertainty in generating an estimate of risk.

e Fundamental causal uncertainty: uncertainty about the existence of critical cause-effect rela-
tionships, for example, uncertainty about whether a particular compound causes cancer.

e Uncertainty in the strength of the causal relationship: the degree to which the cause results in
the effect, for example, how much cancer is caused by a given dose of the compound.

The latter uncertainty is typically more easily expressed than the former in quantitative terms,
with a probability distribution. But it should be noted that there are quantitative aspects for the casual
uncertainty (hazard) in that there are statistical thresholds around positive findings from toxicity experi-
ments. The two types of uncertainty can be addressed in a cause-effect model that takes on a value of
zero to represent the lack of existence of a causal relationship and nonzero values to characterize the
strength of the relationship. With such a representation, the outcomes of the overall model can have a
multimodal distribution in which some finite probability at zero represents no causal relationship and
a range of nonzero values represents the uncertainty in the strength of the relationship. That could be
made more complex while allowing different mathematical forms to represent different possible ways
that the effect is caused, for example, whether the compound causes the effect by a mechanism that
is linear or nonlinear at low doses.

It is often difficult to assign probabilities to different mathematical relationships. As an alternative,
causal scenarios could be used, with each scenario representing distinct theories of causality. In the
example here, one scenario would be no causal relationship, another would be a linear dose-response
relationship, and a third would be a nonlinear dose-response relationship. Each scenario would have
a corresponding conditional uncertainty analysis. Each model would be assumed true, and the likely
range of model values in it could be derived. In this scenario approach, the individual uncertainty analy-
ses are much simpler and may be more widely applied and understood. However, decision-making that
is directed toward reducing important sources of uncertainty may be misguided by a focus on readily
quantifiable uncertainties (for example, How much water is consumed by specific subpopulations?)
when the global uncertainty may well be dominated by causal uncertainties whose collective impact is
not quantified (for example, Are children disproportionately sensitive to the contaminant? Which of many
possible adverse effects does the contaminant cause? Is exposure by inhalation an important contribu-
tor to total risk?). Efforts to measure a subset of readily quantifiable uncertainties when fundamental
causal uncertainties dominate the overall uncertainty may therefore not be justifiable.

VARIABILITY AND VULNERABILITY IN RISK ASSESSMENT

There are important variations among individuals in a population with respect to sus-
ceptibility and exposure. Many of the statistical techniques and general concepts described
above in relation to uncertainty analysis are applicable to variability analysis. For example,
probabilistic approaches, such as Monte Carlo methods, can be used to propagate variability
throughout all components of a risk assessment, expert elicitation can be used to character-
ize various percentiles in a distribution, and the level of analytic sophistication should be
matched to the problem at hand. But the key difference between uncertainty analysis and
variability analysis is that variability can only be better characterized, not reduced, so it
often must be addressed with strategies different from those used to address uncertainty.
For example, the strategy that a policy-maker uses to address uncertainty about whether a
rodent carcinogen is a human carcinogen differs from the strategy to address the variability
in cancer susceptibility between children and adults. The latter is a case where the variability
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can be represented by a probability distribution, but likely a mixed (bimodal) distribution
rather than a standard normal distribution. This section briefly describes key concepts and
methods, EPA’s treatment of variability in general, and the basis of the committee’s recom-
mendations related to variability in each component of risk assessment.

People differ in susceptibility to the toxic effects of a given chemical exposure because
of such factors as genetics, lifestyle, predisposition to diseases and other medical conditions,
and other chemical exposures that influence underlying toxic processes. Examples of fac-
tors that affect susceptibility are shown in Table 4-1 along with some estimates of increased

TABLE 4-1 Examples of Factors Affecting Susceptibility to Effects of Environmental

Toxicants

Ratio of Sensitive Case

to “Normal”

Reference

10:1

>10:1

20:1

10-20:1

20-100:1

10-30:1

>10:1

5-10:1

100:1

50:1

2-110:1

Genetic
“While the risk of cancer following irradiation may
be elevated up to 100-fold in some heritable cancer
disorders a single best estimate of a 10-fold increase
in risk is appropriate for the purposes of modeling
radiological impact.”
Wilson’s heterozygotes (about 1% of population) and
copper sensitivity

Predisposing exposures
Greater sensitivity to arsenic-induced lung cancer in
smokers than in nonsmokers.
Greater sensitivity to lung cancer due to radon in
smokers than in nonsmokers.
Suggestive evidence that low-iodide female smokers
are much more sensitive to perchlorate-induced
thyroid hormone disruption than “normal” adults.
Liver-cancer risk from aflatoxin in those with vs
without hepatitis.

Physiologic and Pharmacokinetic
Difference in sensitivity to 4-aminobiphenyl
(median vs upper 2 percentile of population) due
to physiologic and pharmacokinetic differences
(modeled).

Lifestage
Breast-cancer risk. Radiation exposure of pubescent
girls and those before first completed pregnancy vs
younger girls.

Stochastic
Estimated with two-stage clonal model. Increased
liver-cancer risk due to stochastic effects (in 0.1% of
population compared with median).

Overall
Modeled heterogeneity in cancer risk—95th percentile
compared with median—from age-specific incidence
curves for two most common human tumors (lung
and colorectal).
Differences between median vs 98th percentile in
noncancer effects at site of contact, responses differ
with end point and toxicant.

ICRP 1998; Tawn 2000

NRC 2000

CDHS 1990
ATSDR 1992

Blount et al. 2006

Wu-Williams et al. 1992

Bois et al. 1995

Bhatia et al. 1996

Heidenreich 2005

Finkel 1995a, 2002

Hattis et al. 1999
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sensitivity that have been reported in the literature. The factors are similar to effect modi-
fiers in epidemiology, in that they modify the effect of another factor on a disease. The first
column in Table 4-1 should be interpreted with caution, as there are notable differences in
the percentiles used to characterize the size of the susceptible population. Susceptibility fac-
tors are broadly considered to include any factor that increases (or decreases) the response
of an individual to a dose relative to a typical individual in the population. The distribution
of disease in a population can result not only from differences in susceptibility but from dis-
proportionate distributions of exposures of individuals and subgroups in a population. Taken
together, variations in disease susceptibility and exposure potential give rise to potentially
important variations in vulnerability to the effects of environmental chemicals. Figure 4-2
illustrates how variations in exposure result in variations in risk. Individuals may be more
vulnerable than others because they have or are exposed to

e Factors that increase biologic sensitivity or reduce resilience to exposures (such as
age, pre-existing disease, and genetics).

e Prior or concurrent exposures to substances that increase a person’s susceptibility
to the effects of additional exposures.

e  Factors that contribute to greater potential for exposure, including personal behavior
patterns, the built environment, and modified environmental conditions in locations where
time is spent (such as community, home, work, and school).

e Social and economic factors that may influence exposure and biologic responses.

Variability can be more important when independent susceptibility factors can interact
to increase susceptibility. For example, genetic and other predisposing conditions interact
in ultraviolet-radiation-induced melanoma. Low DNA-repair capacity itself measured in
lymphocytes was not observed to increase the risk of melanoma, but statistically significant
interactions and large increases in the risk of melanoma were observed in people with low
DNA-repair capacity and either low tanning capacity or dysplastic nevi (Landi et al. 2002).

Variability in susceptibility

Variability in

ariability (endogenous factors)
exPOSl:lre Age, gender
potential Genetics

Pre-existing disease

Variability in susceptibility
(exogenous factors)
Exposures to other agents

A A

Overall variability in risk relative to a median or
baseline risk for a population

FIGURE 4-2 Factors contributing to variability in risk in the population.
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Alcohol consumption, obesity, and diabetes can affect the expression of metabolizing en-
zymes, such as CYP2E1, whose expression is also under the influence of genetic factors
(Ingelman-Sundberg et al. 1993, 1994; Micu et al. 2003; Sexton and Hattis 2007). Interac-
tions are expected to be common but unknown in many diseases caused or exacerbated by
environmental chemicals.

Environmental Protection Agency’s Approach to Variability in Health-Effects Assessments

EPA’s approach to variability assessment is described in its recent Risk Assessment Prin-
ciples and Practices: Staff Paper (EPA 2004a) and guidelines. The staff paper emphasizes that
EPA focuses on characterizing variability in exposure, particularly high-end exposures, using
as an example the maximally exposed individual in its hazardous air pollutant program.
The committee observes that over the last several years some EPA programs have advanced
considerably in their efforts to characterize variability in exposure. However, variability in
susceptibility and vulnerability has received less detailed evaluation in most EPA health-
effects assessments, although there are notable exceptions such as lead, ozone, and sulfur
oxides. EPA efforts are considered and options for further improvements presented below.

To address variability in vulnerability to noncancer end points, EPA assumes popula-
tion-threshold dose-response behavior and assigns uncertainty (adjustment) factors. EPA also
endorses such an approach for low-dose nonlinear cancer end points but has been incon-
sistent in whether and how it is applied. For human-to-human variability in noncancer end
points, the default “uncertainty” factor is typically 10, but it can be reduced or increased
with sufficient supporting data often by partitioning it into pharmacokinetic and pharma-
codynamic factors. The agency has done that with a few assessments based on human data.
Only six cases in the Integrated Risk Information System (IRIS) database rely on human
occupational data; of these, three had a human intraspecies factor of 10, two had a factor
of 3, and one, beryllium, had a factor of 1 because it was assumed that the most sensitive
group was included in the occupational study. Thus, in all but four cases in IRIS, a default
human intraspecies factor of 10 was assumed, but 10 was the highest value assumed in all
cases (EPA 2007a).

The 2005 Guidelines for Carcinogen Risk Assessment (EPA 2005b) recognize a number
of the factors in Table 4-1 as contributing to cancer susceptibility. Indeed, the guidelines call
for the derivation of “separate estimates for susceptible populations and life stages so that
these risks can be explicitly characterized” (p. 3-27). The guidelines also lay out a number
of reasons why risk estimates derived from occupational studies may not be representative of
the general population, including the healthy-worker effect, lack of representation of some
subpopulations (for example, fetuses and the young), and underrepresentation of others (for
example, women). Guidance in addressing the generalizability of risk estimates derived from
occupational studies to the general population is not provided. Similarly the 2005 guidelines
point out that animal studies are conducted in relatively homogeneous groups, in contrast
with the heterogeneous human population to which the study results are applied. To address
variability in susceptibility, the 2005 guidelines (EPA 2005b) call for

e Development of a separate risk estimate for those who are susceptible “when there
is an epidemiologic study or animal bioassay that reports quantitative results for susceptible
individuals” (p. 3-28).

e Adjustment of the general population estimate for susceptible individuals based
on risk-related parameters, for example, pharmacokinetic modeling using pharmacokinetic
parameters corresponding to susceptible groups compared with the general population.
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e Use of general information in the absence of agent-specific information about early
life-stage susceptibility as outlined in Supplemental Guidance for Assessing Susceptibility
from Early-Life Exposure to Carcinogens (EPA 2005a) and whatever updates follow.

Committee Observations and Comments on Environmental Protection
Agency’s Approach to Variability

The guidelines provide a useful starting point, but given the agency’s limited experience
in implementing the 2005 guidelines it is unclear how EPA practice will develop to account
for variability. The committee has some concerns based on the guideline language and recent
EPA assessments and draft guidance (EPA 2004a, 2005a,b).

With regard to life stages, the 2005 guidelines note that in nature susceptibility differs
among various life stages, and the committee agrees that this should be given formal consider-
ation. In an example of late and early life-stage susceptibilities, repair of ultraviolet-damaged
DNA declines at 1% per year in subjects 20-60 years old (Grossman 1997), but misrepair
in those overexposed when very young has a much longer time to be manifested as cancer.
The 2005 guidelines and supplemental guidance that developed generic factors for early-life
susceptibility was a step in the right direction. The supplemental guidance provides weighting
factors for exposures to mutagenic compounds in the early postnatal and juvenile period.
However, in utero periods and nonmutagenic chemicals were not covered, and in practice
EPA treats the prenatal period as devoid of sensitivity to carcinogenicity, although it has
funded research to explore this issue (Hattis et al. 2004, 2005). That stands in contrast with
the language in the 2005 guidelines: “Exposures that are of concern extend from concep-
tion through adolescence and also include pre-conception exposures of both parents” (EPA
2005b, p. 1-16). EPA needs methods for explicitly considering in cancer risk assessment in
utero exposure and chemicals that do not meet the threshold of evidence that the agency is
considering for judging whether a chemical has a mutagenic mode of action (EPA 2005b).
Special attention should be given to hormonally active compounds and genotoxic chemicals
that do not meet the threshold of evidence requirements.

The committee encourages EPA to quantify more explicitly variations in exposure and
in dose-response relationships. The tiered approach to variability assessment discussed in
the 2005 guidelines, with multiple risk descriptions for different susceptible subgroups, is a
step in the right direction but falls short of what is needed. The guidelines embrace a default
of no variability in the absence of chemical-specific evidence to the contrary. When there is
evidence, the focus is on differences between groups. It is important at a minimum to address
people who fall into groups that have identified susceptibility. But the guidelines adopt the
rather narrow view that variation comes solely from the identified factors that are used to
“group” people (for example, a polymorphism) and that are established as important for
the chemical under study but not other factors, such as age, ethnic group, socioeconomic
status, or other attributes that affect individuals and only incidentally make them part of
a new “group.” But it will also be important to describe and estimate variability among
individuals and the extent of individual differences.

Thus, there is a need for a nonzero default to address the variation in the population
expected in the absence of chemical-specific data. The reliance on agent-specific data for
all but the early-life assessments of susceptibility is problematic. Because of lack of data,
formally addressing variability in cancer risk assessment is feasible only for the most data-
rich compounds. That echoes the concern raised earlier about the need to develop more
simplified approaches for uncertainty analysis that are tailored to the problems under study:
more generalized approaches must be developed to address variability in cancer risk to avoid
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analyses in which uncharacterized sources of variability are implicitly presumed to have zero
effect on individual and population risk. In Chapter 5, the committee proposes an alterna-
tive framework for both cancer and noncancer end points that accounts more explicitly for
variations in susceptibility and background disease processes and that includes approaches
for compounds without substantial data. The framework provides the needed quantitative
descriptions of variability in risk for both cancer and noncancer end points.

UNCERTAINTY AND VARIABILITY IN SPECIFIC
COMPONENTS OF RISK ASSESSMENT

Each component of a risk assessment includes uncertainty and variability, some explicitly
characterized and some unidentified. For each component, current approaches used by EPA
to characterize uncertainty and variability are discussed below, and potential improvements
are considered.

Hazard Identification

Hazard assessment makes a classification regarding toxicity, for example, whether a
chemical is “carcinogenic to humans” or “likely to be” (EPA 2005b), is a neurotoxicant (EPA
1998), or is a potential reproductive hazard (EPA 1996). This gives rise to both quantitative
and qualitative uncertainties in hazard characterization. Hazard-identification activities at
EPA and other agencies (such as the International Agency for Research on Cancer) focus on
protocols for making consistent and transparent classifications but not on a formal treatment
of uncertainty. In contrast with the other components of risk assessment, the hazard-identi-
fication stage often involves uncertainty about the existence of critical cause-effect relation-
ships that lead to categorically distinct classifications. This type of uncertainty is distinct from
uncertainty about such factors as dose-response or exposure-source relationships that have
an inherent confidence interval. In this case, one element of an uncertainty analysis involves
the issue of misclassification, that is, assigning the wrong outcome to a substance. EPA and
the International Agency for Research on Cancer (IARC) have relied on weight-of-evidence
classifications (IARC: 1, 2A, 2B, 3, and 4; EPA: “likely to be carcinogenic to humans”) to
express uncertainty in hazard classifications. Because hazard assessment typically involves a
statement or classification regarding the potential for harm, the uncertainty in hazard is not
captured well by probability distributions. A formal analysis of hazard uncertainty often
requires expert elicitation and discrete probability to communicate uncertainty. Another
option is the use of fuzzy sets (Zadeh 1965) or possibility theory (Dubois and Prade 2001),
which is a special case of fuzzy set theory. Fuzzy sets and possibility theory were introduced
to represent and manipulate data that have “membership” uncertainty. An element of a fuzzy
set, such as a toxic characteristic, has a grade of membership, for example, membership in
the set “carcinogen” or “not carcinogen.” The grade of membership is different in concept
from probability. Membership is a quantitative noncommittal measure of imperfect knowl-
edge. The advantage of these methods is that they can characterize nonrandom uncertainties
arising from vagueness or incomplete information and give an approximate estimate of the
uncertainties. The limitations of fuzzy methods are that they: (1) cannot provide a precise
estimate of uncertainty but only an approximate estimation, (2) might not be applicable to
situations involving uncertainty resulting from random sampling error, and (3) create dif-
ficulties in communicating because set membership or possibilities do not necessarily add
to 1. The committee does not endorse any of these specific methods to address uncertainty
in hazard assessment but notes in Chapter 3 the need to consider the impact on the overall
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use of risk information in the fine distinctions between labels describing uncertainty in the
weight-of-evidence classification (for example, known vs likely).

Emissions

The first key step in linking pollutant sources to impact in risk assessments, particularly
those used to discriminate among various control options, involves characterizing emissions
by relevant sources both under baseline conditions and with implementation of controls. In
a few situations (for example, in evaluating sulfur dioxide emissions from power plants in
the Acid Rain Program), continuous monitoring data are readily available and can be used
to characterize baseline emissions with little uncertainty and to characterize the benefits
of controls with relatively low uncertainty. But in most cases, there are few source-specific
emission measurements, so risk assessors must rely on interpretations based on limited data
and emission models.

For example, EPA provides emission factors for stationary sources through the AP-42
database (EPA 2007b). Typically, information on source configuration, fuel composition,
control technologies, and other items is used to determine an emission factor based on ex-
trapolation from a limited number of field measurements and known characteristics of the
fuel and technology. Uncertainty is included through an emission-factor quality rating, scaled
from A to E, that is not quantitatively interpretable and conflates uncertainty and variability.
For example, an emission-factor quality rating of A (excellent) is awarded when data are
taken from many randomly selected facilities in the source category. But the degree of uncer-
tainty related to measurement techniques is ignored, and the variability among facilities is not
carried forward to the overall risk characterization. Because information on variability is not
retained and uncertainty is not quantified, EPA treats emission estimates in effect as known
quantities in risk assessments. That leads to multiple problems, including mischaracterization
of total uncertainty or variability in the assessment and an inability to determine whether
improvements in emission estimation are necessary to inform risk-management decisions bet-
ter (that is, within a value-of-information context). More generally, the AP-42 database has
many entries that have not been updated in decades, and this raises the question of whether
the emission factors accurately capture current technologies (and adds an unacknowledged
source of uncertainty). A final issue is the difficulty of estimating how emissions will change
once a risk-management decision is applied; this requires an assessment of the performance
of the regulated parties with regard to compliance and noncompliance.

Many risk assessments in EPA use emission models other than those found in AP-42,
but most emission estimates suffer from similar issues related to limitations of validation and
unacknowledged uncertainty and variability. For example, traffic emissions are characterized
with models, such as MOBILEG, in which the estimates are derived from traffic-flow data and
calibrated with dynamometer studies on specific vehicles. However, that may not represent
true driving-cycle conditions, and some pollutants (such as particulate matter) may be more
uncertain than others. In spite of the potentially larger uncertainties associated with emission
models, in such analyses as the regulatory impact analysis of nonroad diesel emissions (EPA
2004b), the benefits of controls are presented with up to six significant digits of precision,
and no uncertainty is incorporated into the benefits analysis; indeed, in a table titled “Primary
Sources of Uncertainty in Benefits Analysis” (EPA 2004b, Table 9A-17), emissions are not
even mentioned as a source of uncertainty. EPA and other practitioners should take care to
present data with an appropriate number of significant figures, no greater than the smallest
number of significant figures reasonably available in the input data, and should formally
address emissions as a key source of uncertainty.
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For emission characterization, the committee sees an important opportunity for EPA
to address variability and uncertainty about emissions explicitly and quantitatively. It will
require EPA to evaluate existing models to characterize the uncertainty and variability of
individual emission estimates better. The committee recognizes that site-specific emissions
data on many situations are lacking and this results in continued reliance on emission models,
but it encourages EPA to pursue emission-evaluation studies when plausible and to make
more regular refinements in emission-model structures.

Transport, Fate, and Exposure Assessment

Exposure assessment is the process of measuring and modeling the magnitude, frequency,
and duration of contact between the potentially harmful agent and a target population,
including the size and characteristics of that population (IPCS 2000; Zartarian et al. 2005).
For risk assessments, exposure assessment should characterize the sources, routes, pathways,
and the attendant uncertainties linking source to dose. It is common for assessors to pose
exposure scenarios to define plausible pathways for human contact. Recognition of the mul-
tiple possible exposure pathways highlights the importance of a multimedia, multipathway
exposure framework. In a multipathway exposure framework, the omission of key exposure
pathways (potentially due to data limitations) can contribute to an exposure assessment
uncertainty that is often difficult to formally quantify.

Given the framework of exposure assessment in the context of risk assessment, critical
inputs include emissions data (described above), fate and transport models to characterize
environmental concentrations (both indoors and outdoors), and methods for estimating
human exposure given assumed or estimated concentrations. It is also necessary to relate
exposure to intake and intake to dose. Further analytic efforts related to modeling human
dose are considered later.

The number of transport, fate, and exposure models in active use in EPA or elsewhere is
too large to evaluate them individually or to make general statements about their utility and
reliability (see the Council for Regulatory Environmental Modeling Web site for a current
list [EPA 2008]). Transport, fate, and exposure models can vary substantially in their level
of detail, geographic scope, and geographic resolution. Some models are based on environ-
mental parameters that are “archetypal” and provide values that are typical of some regions
or populations but not representative of any specific geographic area. These models are used
to understand the likely behavior of pollutants as a function of basic chemical properties
(Mackay 2001; McKone and MacLeod 2004) and are typically used for comparative as-
sessments of pollutants and for interpreting how partitioning properties and degradability
determine transport and fate. Site-specific models apply to releases at specific locations and
often track pollutant transport with much more spatial and temporal detail than regional
mass-balance models. They are used in a broad array of decision-support activities, including
screening-level assessments; setting goals for air emissions, water quality, and soil-cleanup
standards; assessing the regional and global fate of persistent organic chemicals; and assess-
ing life-cycle impacts.

There have been many more performance evaluations of transport, fate, and exposure
models than of emission models (see, for example, Cowan et al. 1995; Fenner et al. 2005).
Although their reliability can vary widely among chemicals considered and the spatial and
temporal scale of application, a large literature, methods, and software are available to
characterize their uncertainty and sensitivity when they are used in risk assessments.

A critical insight that should be recognized by EPA and other practitioners is that there
is no “ideal” transport, fate, or exposure model that can be used under all circumstances.
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Some models may be considered to have greater fidelity than others, given the degree to
which they capture theoretical constructs and have been evaluated against field measure-
ments, but this does not necessarily imply that the more detailed model should be used
under all circumstances. A model with lower resolution (and more uncertainty) but more
timely outputs may have greater utility in some decision contexts, especially if the uncer-
tainty can be reasonably characterized to determine its influence on the decision process.
Similarly, a model that is highly uncertain with respect to maximum individual exposure but
can characterize population-average exposures well may be suitable if the risk management
decision is driven by the latter. That reinforces a recurring theme of this report regarding
the selection of the appropriate risk-assessment methods in light of the competing demands
and constraints described in Chapter 3.

With respect to human exposure modeling, EPA has placed increasing emphasis over
the last 25 years on quantitative characterization of uncertainty and variability in its ex-
posure assessments. Exposure assessments and exposure models have evolved from simple
assessments that addressed only conditions of maximum exposure to assessments that focus
explicitly on exposure variation in a population with a quantitative uncertainty analysis.
For example, EPA guidelines for exposure assessment issued in 1992 (EPA 1992) called for
both high-end and central-tendency estimates for the population. The high end was con-
sidered as what could occur for the 90th percentile or higher of exposed people, and the
central tendency might represent an exposure near the median or mean of the distribution
of exposed people. Through the 1990s, there was increasing emphasis on an explicit and
quantitative characterization of the distinction between interindividual variability and uncer-
tainty in exposure assessments. There was also growing interest in and use of probabilistic
simulation methods, such as those based on Monte Carlo or closely related methods, as the
basis of estimation of differences in exposure among individuals or, in some cases, of the
uncertainty associated with any particular exposure estimate. That effort has been aided by a
number of comprehensive studies in the United States and Europe that have used individual
personal monitoring in conjunction with ambient and indoor measurements (Wallace et al.
1987; Ozkaynak et al. 1996; Kousa et al. 2001, 2002a,b). Expanded use of biomonintoring
will provide an opportunity both to evaluate and expand the characterization of exposure
variability in human populations.

The committee anticipates expanded efforts by EPA to quantify uncertainty in exposure
estimates and to separate uncertainty and population variability in these estimates. Decisions
about controlling exposures are typically based on protecting a particular group of people,
such as a population or a highly exposed subpopulation (for example, children), because
different individuals have different exposures (NRC 1994). The transparency afforded by
probabilistic characterization and separation of uncertainty and variability in exposure as-
sessment offers potential benefits for increasing common understanding as a basis of greater
convergence in methodology (IPCS 2006).

To date, however, probabilistic exposure assessments have focused on the uncertainty
and variability associated with variables in an exposure-assessment model. Missing from
the EPA process are guidelines for addressing how model uncertainty and data limitations
affect overall uncertainty in exposure assessment. In particular, probabilistic methods have
provided estimates of exposure to a compound at the 99th percentile of variability in the
population, for example, but have often not considered how model uncertainty affects the
reliability of the estimated percentiles. That is an important subject for improvement in
future efforts. EPA should also strive for continual enhancement of databases used in expo-
sure modeling, focusing attention on evaluation (that is, personal exposure measurements
vs predicted exposures) and applicability to subpopulations of interest. Such documents as
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the Exposure Factors Handbook (EPA 1997d) provide crucial data for such analyses and
should be regularly revised to reflect recommended improvements.

Dose Assessment

Assessment of doses of chemicals in the human population relies on a wide array of
tools and techniques with varied applications in risk assessment. Monitoring and model-
ing approaches are used for dose assessment, and important uncertainties and variability
are linked to them. Many of the above conclusions for exposure assessment are applicable
to dose assessment, but with the recognition that there will be greater variability in doses
than exposures across the population as well as greater uncertainty in characterizing those
doses.

For monitoring, there have been limited but important efforts in recent years to de-
velop comprehensive databases of tissue burdens of chemicals in representative samples
of the human population (for example, the National Health and Nutrition Examination
Survey [NHANES], the Center for Health Assessment of Mothers and Children of Salinas,
the National Children’s Study). There are also efforts to conduct systematic biomonitoring
programs in the European Union and in California. Biomonitoring data can provide valu-
able insight into the degree of variability in internal doses in the population, and analyses
of these data can help to determine factors that contribute to dose variability or that modify
the exposure-dose relationship. But there are limits to how much variability can be assessed
from these data. For example, NHANES is a database of representative samples for the entire
U.S. population, but does not capture any geographic subgroups. A discussion of the limita-
tions of NHANES can be found in NRC (2006a). Even with these emerging biomonitoring
data, it is still a challenge to assess the contribution of a single source or set of sources to
measures of internal dose, which can limit the risk management applicability of these data.
In addition there is the challenge of interpreting what the biomonitoring data mean in terms
of potential risk to human health (NRC 2006a). Issues related to the value of data obtained
through biomonitoring programs are considered in more detail in Chapter 7 in the context
of cumulative risk assessment.

Dose modeling is commonly based on physiologically-based pharmacokinetic (PBPK)
models. PBPK models are used as a means of addressing species, route, and dose-dependent
differences in the ratio of tissue-specific dose to applied dose and thus serve as an alterna-
tive to default assumptions for extrapolation that link dose to outcome. PBPK models may
address some of the uncertainty associated with extrapolating dose-response data from an
animal model to humans, but they often fail to fully capture variability of pharmacokinetics
and dose in human populations. Toxicologic research can be used to suggest the structure
of PBPK models. And sensitive subpopulations or differing senstivities within the popula-
tion might be described in terms of some attributes through pharmacokinetic modeling (see
Chapter 5, 4-aminobiphenyl case study).

A number of issues related to uncertainty and variability in pharmacokinetic models
were addressed in a 2006 workshop (EPA 2006a; Barton et al. 2007). Because the present
committee determined that that was a timely and comprehensive review of issues, key find-
ings of the workshop are summarized here. The 2006 workshop considered both short-term
and long-term goals for incorporating uncertainty and variability into PBPK models. In par-
ticular, Barton et al. (2007) reported the following short-term goals: multidisciplinary teams
to integrate deterministic and nondeterministic statistical models; broader use of sensitivity
analyses, including those of structural and global (rather than local) parameter changes;
and enhanced transparency and reproducibility through more complete documentation of
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model structures and parameter values, the results of sensitivity and other analyses, and
supporting, discrepant, or excluded data. The longer-term needs reported by Barton et al.
(2007) included theoretical and practical methodologic improvements for nondeterministic
and statistical modeling; better methods for evaluating alternative model structures; peer-
reviewed databases of parameters and covariates and their distributions; expanded coverage
of PBPK models for chemicals with different properties; and training and reference materi-
als, such as cases studies, tutorials, bibliographies and glossaries, model repositories, and
enhanced software.

Many recent examples of PBPK models applied in toxicology have been for volatile
organic chemicals and have used similar structures. PBPK models are needed for a broader
array of chemical species (for example, from low to high volatility and low to high log Kow?).
Methods for comparing alternative model structures rapidly with available data would fa-
cilitate testing of new structural ideas, provide perspective on model uncertainty, and help
to address chemicals on which data are sparse. Ultimately, the recognition that models of
various degrees of complexity may all describe the available data reasonably will encourage
the acquisition of data to differentiate between competing models.

Mode of Action and Dose-Response Models

Many of the most substantial issues related to both uncertainty and variability can be
seen in the realm of dose-response assessment for both cancer and noncancer end points.
Historically, risk assessments for carcinogenic end points have been conducted very dif-
ferently from noncancer risk assessments. In reviewing the issue of mode of action, the
committee recognized a clear and important need for a consistent and unified approach in
dose-response modeling. For carcinogens, it has generally been assumed that there is no
threshold of effect, and risk assessments have focused on quantifying their potency, which
is the low-dose slope of the dose-response relationship. For noncancer risk assessment, the
prevailing assumption has been that homeostatic and other repair mechanisms in the body
result in a population threshold or low-dose nonlinearity that leads to inconsequential risk at
low doses, and risk assessments have focused on defining the reference dose or concentration
that is sufficiently below the threshold or threshold-like dose to be deemed safe (“likely to
be without an appreciable risk of deleterious effects”) (EPA 2002b, p. 4-4). Noncancer risk
assessments simply compare observed or predicted doses with the reference dose to yield a
qualitative conclusion about the likelihood of harm.

The committee finds substantial deficiencies in both approaches with respect to core con-
cepts and the treatment of uncertainty and variability. Cancer risk assessments often provide
estimates of the population burden of disease or fraction of the population likely to be above
a defined risk level. But there is no explicit treatment of uncertainty associated with such
factors as interspecies extrapolation, high-dose to low-dose extrapolation, and the limitations
of dose-response studies to capture all relevant information. Moreover, there is essentially no
consideration of variations in the population in susceptibility and vulnerability other than
consideration of the increased susceptibility of infants and children. The noncancer risk-as-
sessment paradigm remains one of defining a reference value with no formal quantification
of how disease incidence varies with exposure. Human heterogeneity is accommodated with
a “default” factor, and it is often unclear when the evidence is sufficient to deviate from such
defaults. The structure of the reference dose also omits any formal quantification of uncer-

2Kow is the octanol-water partition coefficient or the ratio of the concentration of a chemical in octanol and
in water at equilibrium and at a specified temperature.
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tainty. And the current approach does not address compounds for which thresholds are not
apparent (for example, fine particulate matter and lead) or not expected (for example, in the
case of background additivity). To address the issue of improving dose-response modeling,
both from the perspective of uncertainty and variability characterization and in the context
of new information on mode of action, the committee has developed a unified and consistent
approach to dose-response modeling (Chapter 5).

Beyond toxicologic studies of chemicals, there are multiple examples where uncertainty
and variability have been more explicitly treated. For example, two National Research
Council reports prepared by the Committee on Biological Effects of Ionizing Radiation
(NRC 1999, 2006b) have provided examples for addressing dose-response uncertainty for
ionizing radiation. Both the BEIR VI report dealing with radon (NRC 1999) and the BEIR
VII report dealing with low linear energy transfer (LET) ionizing radiation (NRC 2006b)
provided a quantitative analysis of the uncertainties associated with estimates of radiation
cancer risks.

More generally, epidemiologic studies provide enhanced mechanisms for characteriz-
ing uncertainty and variability, sometimes providing information that is more relevant for
human health risk assessment than dose-response relationships derived by extrapolating
laboratory-animal data to humans. Emerging disciplines such as health tracking, molecular
epidemiology, and social epidemiology provide opportunities to improve resolution in link-
ing exposure to disease, which may enhance the ability of epidemiologists to uncover both
main effects and effect modifiers, providing greater insight about human heterogeneity in
response. A more detailed discussion of the role of these emerging epidemiologic disciplines
from the perspective of cumulative risk assessment is provided in Chapter 7.

An additional consideration in the treatment of uncertainty and variability in dose-re-
sponse modeling is related to approaches to combine information across multiple publica-
tions, especially in the context of epidemiologic evidence. Various meta-analytic techniques
have been employed both to provide pooled central estimates with uncertainty bounds
and to evaluate factors that could explain variability in findings across studies (Bell et al.
20035; Tto et al. 2005; Levy et al. 2005). While these approaches will not be applicable in
most contexts, because they require a sufficiently large body of epidemiologic literature to
allow for pooled analyses, these methods can be utilized to reduce uncertainty associated
with selection of a single epidemiologic study for a dose-response function, to characterize
uncertainty associated with application of a pooled estimate to a specific setting, and to de-
termine factors that contribute to variability in dose-response functions. EPA should consider
these and other meta-analytic techniques, especially for risk management applications tied
to specific geographic areas.

PRINCIPLES FOR ADDRESSING UNCERTAINTY AND VARIABILITY

EPA and policy analysts are not constrained by a lack of methods for conducting un-
certainty analysis but can be paralyzed by the absence of guidance on what levels of detail
and rigor are needed for a particular risk assessment. That creates situations that splinter
the parties involved into those who favor application of the most sophisticated methods
to all cases and those who would rather ignore uncertainty completely and simply rely on
point estimates of parameters and defaults for all models. But risk assessment often requires
something in between. To confront the issue, EPA should develop guidance for conducting
and establishing the level of detail in uncertainty and variability analyses that is required for
various risk assessments. To foster optimal treatment of variability in its assessments, the
agency could develop general guidelines or further supplemental guidance to its health-effects
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BOX 4-7 Recommended Principles for Uncertainty and Variability Analysis

1. Risk assessments should provide a quantitative, or at least qualitative, description of un-
certainty and variability consistent with available data. The information required to conduct detailed
uncertainty analyses may not be available in many situations.

2. In addition to characterizing the full population at risk, attention should be directed to vulnerable
individuals and subpopulations that may be particularly susceptible or more highly exposed.

3. The depth, extent, and detail of the uncertainty and variability analyses should be commen-
surate with the importance and nature of the decision to be informed by the risk assessment and with
what is valued in a decision. This may best be achieved by early engagement of assessors, managers,
and stakeholders in the nature and objectives of the risk assessment and terms of reference (which
must be clearly defined).

4. The risk assessment should compile or otherwise characterize the types, sources, extent, and
magnitude of variability and substantial uncertainties associated with the assessment. To the extent
feasible, there should be homologous treatment of uncertainties among the different components of a
risk assessment and among different policy options being compared.

5. To maximize public understanding of and participation in risk-related decision-making, a risk
assessment should explain the basis and results of the uncertainty analysis with sufficient clarity to be
understood by the public and decision-makers. The uncertainty assessment should not be a significant
source of delay in the release of an assessment.

6. Uncertainty and variability should be kept conceptually separate in the risk characterization.

(for example, EPA 2005a) and exposure guidance used in its various programs. To support
the effort, the committee offers the principles presented in Box 4-7.

The principles in Box 4-7 are consistent with and expand on the “Principles for Risk
Analysis” originally established in 19935, noted as useful by the National Research Council
(NRC 2007c), and recently re-released by the Office of Management and Budget and the
Office of Science and Technology Policy (OMB/OSTP 2007). They are derived from the more
detailed discussions above. In particular, they are based on the following issues.

e Qualitative thinking about uncertainty that reveals that despite the uncertainty,
one can have confidence in which risk-management option to pick and not need to quantify
further.

e A need to ensure that uncertainty and variability are addressed by ensuring that the
risk is not underestimated.

e  Characterization of a variety of risks and their corresponding confidence intervals.

Depending on the risk-management options, a quantitative treatment of uncertainty
and variability may be needed to differentiate among the options for making an informed
decision. Uncertainty analysis is important for both data-rich and data-poor situations, but
confidence in the analysis will vary according to the amount of information available.

Because resources are limited in EPA, it is important to match the level of effort to
the extent to which a more detailed analysis may influence an important decision. If an
uncertainty analysis will not substantially influence outcomes of importance to the decision-
maker, resources should not be expended on a detailed uncertainty analysis (for example,
two-dimensional Monte Carlo analysis). In developing guidance for uncertainty analysis,
EPA first should develop guidelines that “screen out” risk assessments that focus on risks
that do not warrant the use of substantial analytic resources. Second, the guidelines should
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describe the level of detail that is warranted for “important” risk assessments. Third, the
analysis should be tailored to the decision-rule outcome by addressing what is valued in
a decision; for example, if the decision-maker is interested only in the 5% most-exposed
or most at-risk members of a population, there is little value in structuring an uncertainty
analysis that focuses on uncertainty and variability in the full population.

The risk assessor should consider the uncertainties and variabilities that accrue in all
stages of the risk assessment—in emissions or environmental concentration data, fate and
exposure assessment, dose and mechanism of action, and dose-response relationship. It is
important to identify the largest sources of uncertainty and variability and to determine the
extent to which there is value in focusing on other components. This approach should be
based on a value-of-information (VOI) strategy even when resources for a fully quantitative
VOI analysis are limited (see discussion in Chapter 3). For example, when uncertainty gives
rise to risk estimates that are spread across one or more key decision points, such as a range
that includes acceptable and unacceptable levels of risk, then there is value in addressing
uncertainty in other components when this information provides more insight on whether
one choice of action for reducing risk is better than another.

When the goal of a risk assessment is to discriminate among various options, the uncer-
tainty analysis supporting the evaluation should be tailored to provide sufficient resolution
to make the discriminations (to the extent that it can). It is important to distinguish when
and how to engage an uncertainty analysis to characterize one-sided confidence (confidence
that the risk does not exceed X or confidence that all or most individuals are protected
from harm, and so on) or richer descriptions of the uncertainty (for example, two-sided
confidence bounds, or the full distribution). Depending on the options being considered, a
fuller description may be needed to understand tradeoffs. When a “safe” level of risk is being
established, without consideration of costs or countervailing risks, a single-sided (bounding)
risk estimate or lower-bound acceptable dose may be sufficient.

RECOMMENDATIONS

This chapter addressed the need to consider uncertainty and variability in an interpre-
table and consistent manner among all components of a risk assessment and to communicate
them in the overall risk characterization. The committee focused on more detailed and trans-
parent methods for addressing uncertainty and variability, on specific aspects of uncertainty
and variability in key computational steps of risk assessment, and on approaches to help EPA
to decide what level of detail to use in characterizing uncertainty and variability to support
risk-management decisions and public involvement in the process. The committee recognizes
that EPA has the technical capability to do two-stage Monte Carlo and other very detailed
and computationally intensive analyses of uncertainty and variability. But such analyses
are not necessary in all decision contexts, given that transparency and timeliness are also
desirable attributes of a risk assessment, and given that some decisions can be made with
less complex analyses. The question is not often about better ways to do these analyses, but
about developing a better understanding of when to do these analyses.

To address those issues, the committee provides the following recommendations:
e EPA should develop a process to address and communicate the uncertainty and

variability that are parts of any risk assessment. In particular, this process should encour-
age risk assessments to characterize and communicate uncertainty and variability in all key
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computational steps of risk assessment—emissions, fate-and-transport modeling, exposure
assessment, dose assessment, dose-response assessment, and risk characterization.

e EPA should develop guidance to help analysts determine the appropriate level of
detail needed in uncertainty and variability analyses to support decision-making. The prin-
ciples of uncertainty and variability analysis above provide a starting point for development
of this guidance, which should include approaches both for analysis and communication

e In the short term, EPA should adopt a “tiered” approach for selecting the level of
detail used in uncertainty and variability assessment. A discussion of the level of detail used
for uncertainty analysis and variability assessment should be an explicit part of the problem
formulation and planning and scoping.

e In the short term, EPA should develop guidelines that define key terms of reference
used in the presentation of uncertainty and variability, such as central tendency, average,
expected, upper bound, and plausible upper bound. In addition, because risk-risk and benefit-
cost comparisons pose unique analytic challenges, guidelines could provide insight into and
advice on uncertainty characterizations to support risk decision-making in these contexts.

e Improving characterization of uncertainty and variability in risk assessment comes
at a cost, and additional resources and training of risk assessors and risk managers will be
required. In the short term, EPA should build the capacity to provide guidance to address
and implement the principles of uncertainty and variability analysis.
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Toward a Unified Approach to
Dose-Response Assessment

THE NEED FOR AN IMPROVED DOSE-RESPONSE FRAMEWORK

Introduction to the Problem

As described in Chapter 4, one of the urgent challenges to risk assessment is the evalu-
ation of hazard and risk in a manner that is faithful to the underlying science, is consistent
among chemicals, accounts adequately for variability and uncertainty, does not impose
artificial distinctions among health end points, and provides information that is maximally
useful for risk characterization and risk management. There have been efforts to harmonize
dose-response methods for cancer and noncancer end points, but, as discussed below, criti-
cisms have been raised regarding the validity of dose-response assessments for risk charac-
terizations and management and regarding the treatment of uncertainty and variability in
human sensitivity. This chapter examines the science governing dose-response assessment for
a variety of end points (cancer and noncancer) and develops an integrative framework that
provides conceptual and methodologic approaches for cancer and noncancer assessments.

Current Framework

Dose-response assessments for carcinogenic end points have been conducted very dif-
ferently from noncancer assessments. For carcinogens, it has been assumed that there is no
threshold of effect, and dose-response assessments have focused on quantifying the risk at
low doses. The current Environmental Protection Agency (EPA) approach derives a “point
of departure” (POD), such as the lower bound on the dose that results in an excess risk of
10% based on fitting of a dose-response model to animal bioassay data (EPA 2000a). After
adjustment for animal-human differences in the dose metric, risk is assumed to decrease
linearly with doses below the POD for carcinogens that are direct mutagens or are associ-
ated with large human body burdens (EPA 2005a). The population burden of disease or the
population risk at a given exposure is estimated. In practice, EPA carcinogen assessments do
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not account for differences among humans in cancer susceptibility other than from possible
early-life susceptibility (see Chapter 4).

For noncancer end points, it is assumed that homeostatic and defense mechanisms lead
to a dose threshold! (that is, there is low-dose nonlinearity), below which effects do not
occur or are extremely unlikely. For these agents, risk assessments have focused on defining
the reference dose (RfD) or reference concentration (RfC), a putative quantity that is “likely
to be without an appreciable risk of deleterious effects” (EPA 2002a, p. 4-4). The “hazard
quotient” (the ratio of the environmental exposure to the RfD or RfC) and the “hazard
index” (HI, the sum of hazard quotients of chemicals to which a person is exposed that
affect the same target organ or operate by the same mechanism of action) (EPA 2000b) are
sometimes used as indicators of the likelihood of harm. An HI less than unity is generally
understood as being indicative of lack of appreciable risk, and a value over unity indicates
some increased risk. The larger the HI, the greater the risk, but the index is not related to
the likelihood of adverse effect except in qualitative terms: “the HI cannot be translated to
a probability that adverse effects will occur, and is not likely to be proportional to risk”
(EPA 2006a). Thus, current RfD-based risk characterizations do not provide information
on the fraction of the population adversely affected by a given dose or on any other direct
measure of risk (EPA 2000a). That deficiency is present whether the dose is above the RfD
(in which case the risk may be treated as nonzero but is not quantified) or below the RfD
(in which case the risk can be treated as “unappreciable” or zero even though with some
unquantified probability it is not zero).

As in cancer dose-response assessment, the RfD is also derived from a POD, which could
be a no-observed-adverse-effect level (NOAEL) or a benchmark dose (BMD). However,
instead of extrapolating to a low-dose risk, the POD is divided by “uncertainty factors” to
adjust for animal-human differences, human-human differences in susceptibility, and other
factors (for example, data gaps or study duration). In a variant of the RfD approach to
noncancer or low-dose nonlinear cancer risk assessment, the agency calculates a “margin
of exposure” (MOE), the ratio of a NOAEL or POD to a projected environmental expo-
sure (EPA 2000a, 2005b). The MOE is compared with the product of uncertainty factors;
an MOE greater than the product is considered to be without appreciable risk or “of low
concern,” and an MOE smaller than the product reflects a potential health concern (EPA
2000b). MOEs and RfDs are defined for durations of exposure (for example, acute, sub-
chronic, and chronic) and may be defined for specific life stages (for example, developmental)
(EPA 2002a).

Recent refinements in risk-assessment methods in EPA have used mode-of-action (MOA)?2
evaluations in dose-response assessment. EPA’s Guidelines for Carcinogen Risk Assessment
(2005Db) state that if a compound is determined to be “DNA reactive and [to] have direct
mutagenic activity” or to have high human exposures or body burdens “near doses associated
with key precursor events” (EPA 2005b, p. 3-21), a no-threshold approach is applied; risk
below the POD is assumed to decrease linearly with dose. For carcinogens with sufficient
MOA data to conclude nonlinearity at low doses, such as those acting through a cytotoxic
MOA, the RfD approach outlined above for noncancer end points is applied (EPA 2005b),

IMore recent noncancer guidelines have abandoned the term threshold, noting the difficulty of empirically
distinguishing dose-response relationships with true biologic thresholds from ones that are nonlinear at low doses
(EPA 2005b, p. 3-24).

2Following EPA 2005b (p. 1-10), the MOA is defined as “a sequence of key events and processes, starting with
interaction of an agent with a cell, proceeding through operational and anatomical changes, and resulting” in the
adverse effect. “A ‘key event’ is an empirically observable precursor step that is itself a necessary element of the
mode of action or is a biologically based marker for such an element.”
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except when there is adequate evidence to support mechanistic modeling (there has been
no such case).

Another refinement in dose-response assessment has been the derivation of the RfD or
low-dose cancer risk from a POD that is calculated using BMD methodology (EPA 2000a).
In noncancer risk assessment, this approach has the advantage of making better use of the
dose-response evidence available from bioassays than do calculations based on NOAELs.
It also provides additional quantitative insight into the risk presented in the bioassay at the
POD because for quantal end points the POD is defined in terms of a given risk for the
animals in the study.

EPA’s treatment of noncancer and low-dose nonlinear cancer end points is a major step
by the agency in an overall strategy to harmonize cancer and noncancer approaches to dose-
response assessment. Other aspects of this harmonization for the different end points include
consideration of the same cross-species factors (EPA 2006b), and the same pharmacokinetic
adjustments. EPA staff have also explored for noncancer end points dose-response modeling
that results in probabilistic descriptions (for example, for acrolein, Woodruff et al. 2007) and
that could be readily integrated into benefits evaluation (for thyroid-disrupting chemicals,
Axelrad et al. 2005). But these approaches have not found their way into agency practice.

Scientific, Technical, and Operational Problems with the Current Approach

The committee recognizes EPA’s efforts to examine and refine dose-response assessment
methodology and practice and the agency’s work to clarify its approaches and practices in
guidelines and other documents (for example, EPA 2000a, 2002b, 2004, 2005b). A number
of improvements over the last decade can be noted, such as the movement toward using
MOA determinations and the application of BMD methods. However, the current framework
has important structural problems, some of which have been exacerbated by recent deci-
sions. Figure 5-1 presents an outline of the current framework for dose-response assessment
and risk characterization in EPA and some major limitations in the framework, which are
discussed below.

Potential Low-Dose Linearity for Noncancer and “Nonlinear” Cancer End Points

Thresholds are assumed for noncarcinogens and for carcinogens believed to operate
through an MOA considered nonlinear at low doses. The rationale is that at levels below
the threshold dose, clearance pathways, cellular defenses, and repair processes have been
thought to minimize damage so that disease does not result. However, as illustrated in Figure
5-2, threshold determinations should not be made in isolation, inasmuch as other chemical
exposures and biologic factors that influence the same adverse effect can modify the dose-
response relationship at low doses and should therefore be considered.

Nounlinear Cancer End Points

The current determination of “nonlinearity” based on MOA assessment is a reasonable
approach to introduce scientific evidence on MOA into cancer dose-response assessment.
However, some omissions in this overall approach for low-dose nonlinear carcinogens
could yield inaccurate and misleading assessments. For example, the current EPA practice
of determining “nonlinear” MOAs does not account for mechanistic factors that can create
linearity at low dose. The dose-response relationship can be linear at a low dose when an
exposure contributes to an existing disease process (Crump et al. 1976, Lutz 1990). Effects
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Hazard Assessment
Sort by Noncancer or Cancer End Points

g N

Noncancer Risk Assessment Cancer Risk Assessment

. ) Low Dose “Nonlinear”
Identify NOAEL or derive POD I: Evaluate Mode of Action (MOA)

MOA not established  Linear MOA

Select Uncertainty/Adjustment Factors
- Cross-species (U1)
- Human interindividual variability (Uy)

Animal to human dose conversion:
mg/kg®4-d scaling or pharmacokinetic modeling

- Other (Us) with pharmacodynamic adjustment
Derive Reference Dose Derive POD (for example, LEDg1) and Slope Factor
RfD = POD / (U1 x U2x Us) For example, Slope Factor = 0.01/POD

Risk Characterization: Hazard Index (HI) or MOE
HI = zi(Exposure/RfDi)
MOE = POD/Exposure

Risk Characterization: Low-Dose Risk
Extra Risk = Slope Factor X Exposure

Limitations and Issues Limitations and Issues

1. Interhuman variability in risk either not
addressed at all (animal based) or incompletely
(epidemiology based)

2. For low-dose nonlinear carcinogens, no risk
measure produced. HI, RfD, and of MOEs
limited utility for risk/benefit analysis

3. Uncertainty is not characterized

1. Possibility for low-dose linearity (for example,
due to background exposure) not assessed

2. No risk measure produced. HI, RfD, and MOEs
of limited utility for risk/benefit analyses

3. Uncertainty not distinguished from variability or
other adjustments

FIGURE 5-1 Current approach to noncancer and cancer dose-response assessment.

of exposures that add to background processes and background endogenous and exogenous
exposures can lack a threshold if a baseline level of dysfunction occurs without the toxicant
and the toxicant adds to or augments the background process. Thus, even small doses may
have a relevant biologic effect. That may be difficult to measure because of background noise
in the system but may be addressed through dose-response modeling procedures. Human
variability with respect to the individual thresholds for a nongenotoxic cancer mechanism
can result in linear dose-response relationships in the population (Lutz 2001).

In the laboratory, nonlinear dose-response processes—for example, cytotoxicity, im-
paired immune function and tumor surveillance, DNA methylation, endocrine disruption,
and modulation of cell cycles—may be found to cause cancer in test animals. However, given
the high prevalence of those background processes, given cancer as an end point, and given
the multitude of chemical exposures and high variability in human susceptibility, the results
may still be manifested as low-dose linear dose-response relationships in the human popula-
tion (Lutz 2001). The possibility of low-dose linearity due to background is acknowledged
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FIGURE 5-2 Value of physiologic parameter for three hypothetical populations, illustrating that
population responses depend on a milieu of endogenous and exogenous exposures and on vulnerability
of population due to health status and other biologic factors. Source: Adapted from Woodruff et al.
2007. Reprinted with permission; copyright 2007, Environmental Health Perspectives.

in the EPA (2005b) Guidelines for Carcinogen Risk Assessment to a limited degree—for
chemicals with high body burdens or high exposures—but has not been addressed in EPA
assessments. And EPA practices do not call for systematic evaluation of endogenous and
exogenous exposures or mechanisms that can lead to linearity.

By segregating cancer and noncancer risk assessment, the current framework tends to
place undue focus on “complete” carcinogens, ignoring contributions to ongoing carcinogen-
esis processes and the multifactorial nature of cancer. Chemicals that may increase human
cancer risk by contributing to an underlying process are handled essentially as noncarcino-
gens even though they may be integral to the carcinogenic process. The dichotomy increases
the burden of judging which chemicals are carcinogens rather than accepting the variety of
carcinogenic MOAs and incorporating them into a comprehensive risk assessment.

Noncancer End Points

Similarly, noncarcinogens can exhibit low-dose linearity, for example, when there is
considerable interindividual variability in susceptibility and each individual has his or her
own threshold, especially when an underlying disease (such as cardiopulmonary disease) can
interact with the toxicant (such as particulate matter [PM] or ozone). Schwartz et al. (2002)
made the argument for the absence of a population threshold for mortality effects of PM.
Other factors that support nonthreshold dose-response relationships for noncarcinogens
include

e The observation of dose-response relationships with no apparent thresholds for
subtle, common adverse end points, such as IQ loss or neurobehavioral deficits associated
with lead or methylmercury exposures—an observation that continues to be made even as
investigators probe for effects at smaller exposures (Axelrad et al. 2007). Those effects oc-
cur at lower doses than frank toxicity and are expected to become a more common basis of
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dose-response assessment as increasingly subtle end points are studied with more sensitive
tests (for example, tests based on -omics) or epidemiologically.

e The fact that in receptor-mediated events, even at very low doses a chemical can
occupy receptor sites and theoretically perturb cell function (such as signal transduction
or gene expression) or predispose the cell to other toxicants that bind to or modulate the
receptor system (such as organochlorines and the aryl hydrocarbon receptor or endocrine
disruptors and hormonal binding sites) (Brouwer et al. 1999; Jeong et al. 2008).

e The observation that exposures that perturb or accelerate background endogenous
disease processes and add to background endogenous and exogenous exposures may not
show evidence of a threshold, as described above (“Nonlinear Cancer End Points”).

There are multiple toxicants (for example, PM and lead) for which low-dose linear con-
centration-response functions rather than thresholds have been derived for noncancer end
points. The current EPA framework treats them as exceptions (implicitly if not explicitly)
and does not provide methods and practices for readily assessing the dose-response relation-
ship for cases in which thresholds are not apparent or not expected, for example, because
of background additivity. As discussed in this chapter, for critical end points driving the
risk characterization at low doses, such cases may be common, and a new framework and
practice are needed.

Another problem posed by the current noncancer framework is that the term uncertainty
factors is applied to the adjustments made to calculate the RfD to address species differ-
ences, human variability, data gaps, study duration, and other issues. The term engenders
misunderstanding: groups unfamiliar with the underlying logic and science of RfD derivation
can take it to mean that the factors are simply added on for safety or because of a lack of
knowledge or confidence in the process. That may lead some to think that the true behavior
of the phenomenon being described may be best reflected in the unadjusted value and that
these factors create an RfD that is highly conservative. But the factors are used to adjust
for differences in individual human sensitivities, for humans’ generally greater sensitivity
than test animals’ on a milligrams-per-kilogram basis, for the fact that chemicals typically
induce harm at lower doses with longer exposures, and so on. At times, the factors have
been termed safety factors, which is especially problematic given that they cover variability
and uncertainty and are not meant as a guarantee of safety.

The Need for Evaluation of Background Exposures and Predisposing Disease Processes

Dose-response assessments for noncancer and nonlinear cancer end points are gener-
ally performed without regard to exposure to other chemicals that affect the same patho-
logic processes or the extent of pre-existing disease in the population. The need to address
chemicals that have “a common mechanism of toxicity” in a cumulative risk assessment
has been established for pesticides under the Food Quality Protection Act (FQPA) of 1996
(EPA 2002Db, p. 6). EPA (2002b) provides a useful example, but it was driven principally by
the explicit requirements of the FQPA, and few noncarcinogens are evaluated in this way.
Furthermore, dose additivity has been observed at relatively low doses for various endo-
crine-related toxicities with similar and dissimilar mechanisms of action (for example, Gray
et al. 2001; Wolf et al. 2004; Crofton et al. 2005; Hass et al. 2007; Metzdorff et al. 2007).
Dosing animals with two chemicals that have different MOAs at their NOAELSs resulted in
a significant adverse response, which suggested dose additivity (as when two chemicals at
subthreshold doses lead to an effect). In practice, a common implicit assumption is effect
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additivity—two subthreshold doses yield a nonresponse because neither produces a response
on its own.

Consideration of chemicals that have a common MOA has not included how endogenous
and other chemicals, not the direct subjects of testing and evaluation by regulatory agen-
cies, affect the human dose-response relationship. The recent EPA draft dibutyl phthalate
(DBP) assessment is an example in which there was an opportunity to consider cumulative
exposure to the various agents that can contribute to the antiandrogen syndrome seen with
phthalates, but the impact of even other phthalates on the DBP dose-response relationship
was not taken into account in setting the draft RfD (EPA 2006c¢). In the application of such
an assessment, DBP exposures above the RfD would be treated as posing some undefined
extra degree of risk and DBP exposures below the RfD would, without further guidance
from the agency, potentially be treated as riskfree without regard to the presence of other
antiandrogen exposures.

Risk-Assessment Outcomes Needed for Risk Evaluation and Benefit Analysis

The end products of noncancer (and nonlinear cancer) assessments in the current para-
digm (exposure-effect quotients that qualitatively indicate potential risk—MOEs, RfDs, and
RfCs, Figure 5-1) are inadequate for benefit-cost analyses or for comparative risk analyses.
MOEs and RfDs as currently defined do not provide a basis for formally quantifying the
magnitude of harm at various exposure levels. Therefore, the committee finds the 2005
Guidelines for Carcinogen Risk Assessment movement toward RfDs and away from an ex-
pression of risk posed by nonlinear carcinogens problematic. Similarly, although noncancer
risk assessment has moved to a BMD framework that makes better use of evidence than an
approach based on NOAFELs and lowest observed-adverse-effect levels (LOAELS), the para-
digm remains one of defining an RfD or RfC without any sense of the degree of population
risk reduction that would be found in moving from one dose to another dose. A probabilistic
approach to noncancer assessment, similar to how cancer risks are expressed, would be much
more useful in risk-benefit analysis and decision-making. The current threshold-nonthreshold
dichotomy creates an inconsistent approach for bringing toxicology and risk science into
the decision-making process.

That paradigm has other unintended consequences. For example, the linear-extrapola-
tion exercise for carcinogens and lack of consideration of linearity for noncarcinogens and
“nonlinear” carcinogens create a high bar of evidence for carcinogen identification and
reduce the consideration of the possibility of noncancer end points for carcinogens. More
generally, the many noncancer health end points are generally given little weight in benefit-
cost analyses or other analytically driven decision frameworks in part because of the nature
of the resulting qualitative risk characterization.

In the general case in which an intervention reduces exposures from above the RfD
to below the RfD, it is particularly unfortunate to fail to quantify this benefit. It might be
possible, through economic valuation (willingness-to-pay or contingent-valuation) studies,
to estimate the benefits of moving N members of the population from exposure above the
RfD to exposure below the RfD, but it would be more straightforward and intelligible to
directly estimate the benefits of such an exposure and risk reduction. The current approach
also does not address the benefits of lowering exposures that are already below the RfD
or the benefits of lowering exposures from above the RfD to an exposure level that is still
above the RfD, both of which, if understood to be associated with a nonzero probability of
harm, also need valuation. The framework described below provides a means of generating
the data needed for such analyses.
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Limitations of the Current Approach for Low-Dose Linear Cancer End Points

EPA assumes that the linear default approach for dose-response assessment provides “an
upper-bound calculation of potential risk at low doses,” which is “thought to be public-
health protective at low doses for the range of human variation” (EPA 2005b, p. A-9). EPA
(2005b) noted that the National Research Council reports (NRC 1993, 1994) generally dis-
cussed the variability in human susceptibility to carcinogens and that EPA and other agencies
were conducting research on the issue. The committee finds that although the precise degree
of human variability is not known, the upper statistical bound derived from fits to animal
data does not address human variation, as discussed below. Further, with few exceptions
(EPA 2001a), the current practice embeds an implicit assumption that it is zero. This is not
credible and is increasingly unwarranted as more and more studies document the substantial
interindividual variation in the human population (see Chapter 4).

According to EPA, “the linear default procedure adequately accounts for human varia-
tion unless there is case-specific information for a given agent or mode of action that indicates
a particularly susceptible subpopulation or lifestage, in which case the special information
will be used” (EPA 2005b, p. A-9). That implies that in general the linear-extrapolation pro-
cedure will overestimate the risk to an extent that will account for the underestimation bias
related to the omission of human heterogeneity. EPA provides no evidence to support that
assumption and in essence establishes a default (no variability in susceptibility) that is unsub-
stantiated (see Chapter 6 for discussion of “missing” defaults). There are three main steps in
deriving human cancer risk from animal bioassay data: adjusting animal doses to equivalent
human doses, deriving the POD by fitting a mathematical model to the data, and linearly
extrapolating from the POD to lower doses. The default animal-to-human adjustment is
based on metabolic differences due to the roughly 200- to 2,000-fold differences in body
sizes and is set at a median value without accounting for the large qualitative uncertainty, in
any particular application, of the humans being more sensitive than the animal or vice versa.
The lower bound on the POD merely accounts for the uncertainty in the model fitted to data
from the fairly homogeneous animals used in studies. If the true dose-response relationship
for an agent is indeed linear, the statistical lower confidence limit (for example, the BMD
lower confidence limit [BMDLY]) associated with a POD (for example, the BMD) provides
a small increment of “conservatism”—typically not more than a factor of 2 (Subramaniam
et al. 2006). That is highly unlikely to account for variation in susceptibility in cancer in a
large exposed human population (see Chapter 4). If, instead, the true dose-response relation-
ship is nonlinear, treating it as linear might introduce enough “conservatism” to offset the
underestimation of risk in people of above-average susceptibility, but the degree to which the
high-dose-based estimate is in error would preferably be analyzed separately. The practice
of assuming no human variation in response to compounds for which linearity is applied is
simplistic and inconsistent with the manner in which noncancer assessments are conducted.
Many factors can cause the cancer response to be highly variable in the population, including
age, sex, genetic polymorphisms, endogenous disease processes, lifestyle, and coexposure to
other xenobiotics common in the human environment (see “Variability and Vulnerability
in Risk Assessment” in Chapter 4). Some of those factors, especially pharmacokinetics and
early age, are beginning to be considered in a few cancer risk assessments, but much more
emphasis needs to be placed on describing the ranges of susceptibility and risk.

Other Limitations of the Current Approach

One cross-cutting issue for all end points is the degree to which dose-response charac-
terization is done in data-poor cases. Often, a compound on which information is sparse is
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not addressed in a quantitative risk assessment and operationally can be treated as though it
posed no risk of regulatory importance. That is unlikely to describe the situation adequately
or to be helpful in setting research priorities. An approach to that problem is described in
Chapter 6.

In addition, any analysis must grapple with the best approach for integrating data from
multiple studies and on multiple end points. There has been a tendency in risk assessment to
pick a single dataset with which to describe risk, in part because it leads to straightforward
rationales that are easy to explain, understand, and communicate. However, the direction
toward better understanding of uncertainty, human variability, and more accurate assess-
ment necessarily involves increasing complexity and integration of evidence from disparate
sources. It also may involve constructing dose-response relationships based on evidence from
a variety of study types (such as cancer bioassays and in vitro studies). Also, a given exposure
to a particular chemical may affect multiple end points, and a risk description based on one
tumor site or effect may fall short of conveying the overall risk posed by the substance.

In summary, the committee finds multiple scientific and operational limitations in the
current approach for both cancer and noncancer risk assessments. The following section
describes a means for addressing many of the issues by developing a unified framework for
toxicity assessment that incorporates variability and uncertainty more completely and pro-
vides quantitative risk information on cancer and noncancer end points alike.

A UNIFIED FRAMEWORK AND APPROACH FOR DOSE-RESPONSE ASSESSMENT

The committee finds that the underlying science is more consistent with a new con-
ceptual framework for dose-response modeling and recommends that the agency adopt a
unified framework. Figure 5-3a illustrates the underlying dose-response principles for the
framework, which includes background processes and exposures in considering risks on the
individual and population scales. Figure 5-3a shows that an individual’s risk from exposure
to an environmental chemical is determined by the chemical itself, by concurrent background
exposures to other environmental and endogenous chemicals that affect toxicity pathways
and disease processes, and by the individual’s biologic susceptibility due to genetic, lifestyle,
health, and other factors. How the population responds to chemical insults depends on
individual responses, which vary among individuals.

Clearly, background exposures and biologic susceptibility factors differ substantially
between animals and humans, and there can be more confidence in dose-response descrip-
tions that consider and account for background exposure and biologic susceptibility of
populations for which risks are being estimated. Figure 5-3b provides a depiction of indi-
vidual and population risk that formally takes these factors into account. The shape of the
population dose-response relationship at low doses is inferred from an understanding of
individual dose-response relationships, which in turn are based on consideration of back-
ground exposure and biologic susceptibility on human heterogeneity. An upper bound on
the population dose-response relationship would be derived to express uncertainty in the
population dose-response relationship. For compounds whose effects show a linear dose-
response relationship, this upper bound is not the same as the familiar upper bound derived
by fitting dose-response models to animal bioassay data. The latter upper bound measures
only a very small aspect of uncertainty: that due to sampling variability and the statistical
fit to animal data. Here, the committee envisions a more comprehensive description of un-
certainty that accounts for other aspects, such as uncertainty in cross-species extrapolation.
The dose of the environmental chemical that poses, say, a risk above background (“extra
risk”) of 10 in a population, could be described by a probability distribution that reflects
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Risk Depiction: Based on data,
defaults, and other inferences

FIGURE 5-3b Risk estimation and description un-
der the new conceptual framework for dose-response
assessment. Risk estimates are based on inferences
made from human, animal, MOA, and other data
and understanding of possible background process-
es and exposures. Ideally, population dose-response
relationship and uncertainty (represented by upper
95% bound) and dose-response relationships for
sensitive members of population are described. (As
explained in text, upper 95% confidence bound on
risk is not same as upper-bound estimate generated
in current cancer risk assessments.) Mean estimate
of population risk can be derived from understand-
ing of individual risk.
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the uncertainty. Ideally, risk would be estimated for sensitive as well as typical individuals,
and uncertainty in those estimates would also be described.

One important outcome of the new approach is the redefinition of the RfD as a risk-spe-
cific dose rather than as a dichotomous risk—unappreciable risk descriptor. The redefinition
is described further below.

Characteristics of the Dose-Response Framework

The dose-response framework envisioned includes the following features:

e Dose-response characterizations that use the spectrum of evidence from human,
animal, mechanistic, and other relevant studies. Whole-animal dose-response studies will
continue to play a central role in establishing PODs for most chemicals, but information on
human heterogeneity, background exposures, and disease processes and data from mechanis-
tic in vitro and in vivo studies will be critical in selecting the approach to the dose-response
analysis. Some information used in the dose-response derivation will be chemical-specific.
In the absence of reliable chemical-specific information on human variability, interspecies
differences, and other components of the analysis, generalizations and defaults based on
evidence from other chemicals and end points and theoretical considerations may be used.
Clearly, this presents challenges associated with selection of data sources, data synthesis,
and model uncertainty.

o The goal of providing a probabilistic characterization of harm, such as a description
of the form “at dose D, R fraction of the population would be anticipated to suffer harm
with a confidence interval of R, -R,;.” For example, a summary statement of risk may be that
at an air concentration of 0.05 ppm (= D), 1/10,000 (= R) of the population are likely to be
affected with a 95% confidence interval (CI) of 5/100,000-3/10,000 of the population. That
general form can be made more specific to particular outcomes and MOAs. For example, as
described later in this chapter, for agents unlikely to have a threshold even at the individual
level (such as mutagenic carcinogens), each person is assumed to be at a finite risk, and one
can also make statements about individual risk. A summary statement may be given like that
above with a further description that the 95th percentile individual at a dose of 0.05 ppm
may face a risk of 1/1,000 (with a CI of 5/10,000-3/1,000). Thus, for a population uniformly
exposed to a compound at 0.05 ppm, the characterization would indicate the distribution
of risk among individuals (with variability driven by differences in background exposures
and biologic susceptibility), in this example, with 5% of individuals having estimated risks
above 1/1,000 (with associated confidence bounds). The key attribute of the characteriza-
tion would be a quantitative and probabilistic characterization of harm for each critical end
point. A similar position for probabilistic expression of noncancer risk has been advocated
by the EPA Science Advisory Board (EPA SAB 2002). Multiple end points of varied severity
would be considered. In many cases, new research or well-justified default approaches will
be needed to attain this level of refinement in noncancer dose-response analysis.

e Explicit consideration of human heterogeneity in response, for both cancer and non-
cancer end points, that is distinguished from uncertainty. This variability assessment would
consider susceptibility due to age, sex, health status, genetic makeup, and other factors.
Uncertainty in human variability estimates would be described, preferably quantitatively.
The rigor of this characterization would be commensurate with the needs of the assessment
(see Chapters 3 and 4).

o Treatment of uncertainty aimed at characterizing the most important types of uncer-
tainties for both cancer and noncancer end points. This could involve formal quantification
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following probabilistic approaches that are consistent with recommendations about the use
of default assumptions in Chapter 6. It could also include sensitivity analyses or qualitative
characterizations if they would provide a better description of uncertainty or are commen-
surate with the needs of the assessment.

e  FEvaluation of background exposure and susceptibility in order to select modeling
approach. The assessment of “background exposure” and “background disease processes”
would involve characterization of other chemicals or nonchemical stressors that influence
the same general pathologic processes as the chemical under evaluation. Such consideration
should aid the evaluation of the shape of the dose-response relationship, including the poten-
tial for low-dose linearity and high-risk subpopulations and hence appropriate methodologic
approaches for the dose-response analysis. Background exposures and susceptibility factors
can result in linear low-dose-response relationships that would otherwise be considered low-
dose nonlinear on the basis of MOA alone.

e Use of distributions instead of “uncertainty factors,” as the science and data develop
and are found to provide a sufficient basis for doing so. For example, research is going on
to develop uncertainty distributions for the pharmacokinetic (PK) and pharmacodynamic
(PD) components of the interspecies and intraspecies human uncertainty factors (for example,
Hattis and Lynch 2007). Data-driven adjustment factors developed by such bodies as the
World Health Organization’s International Program on Chemical Safety (IPCS 2005) are
being expanded to probabilistic descriptions on the basis of information from the pharma-
ceutical sector and emerging from the biologic sciences. It will be a challenge to overcome
some of the data limitations for developing those approaches. For example, many studies
use small numbers of human subjects, so the sensitive individuals in the population may
not be characterized quantitatively by distributions derived from these studies, particularly
if the true human distribution is multimodal. Approaches are needed to address that issue.
The formal incorporation of variability due to polymorphisms, aging, endogenous disease
status, exposure, and other factors will probably prove to be complex and challenging. Later
in this chapter, examples are given of an approach for developing and using an intrahu-
man variability adjustment and distribution for cancer risk derivations. It may sometimes
be preferable to use single-value “uncertainty factors,” either out of necessity or reflecting
science-policy choices (see Chapter 6). Their use would preferably be accompanied by a
qualitative description of the associated uncertainty in their application.

The term uncertainty factors can be problematic because it connotes only one as-
pect of the function of the factors. As the default distributions are developed, a better, more
specific label for them would be preferable (for example, human variability distribution) to
reflect their content more appropriately (for example, accounting for human heterogeneity).
This would lessen the opportunity for transferring to the new default distributions the misun-
derstanding commonly associated with use of “uncertainty factors,” as described earlier.

e  Descriptions of sensitive individuals or subpopulations. The assessment would
characterize individuals and subgroups according to whether they have coexposures to
key nonchemical stressors, specific polymorphisms influencing metabolism or DNA repair,
pre-existing or endogenous disease processes, high background endogenous or exogenous
exposures, and other determinants of increased susceptibility.

o Approaches and resulting assessments that are transparent and understandable by
the public and by risk managers. This may require alternative presentations of the charac-
terization of risk to suit the needs of specific decisions.
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Risk-Specific Definition of the Reference Dose

This framework facilitates a redefinition of the RfD and RfC in terms of a risk-specific
dose and confidence level, as outlined in Box 5-1. Although Box 5-1 focuses on a risk-specific
definition of the RfD, the framework developed in this chapter can be used to estimate risk
at any dose, not just the RfD; for example, the risk and confidence bounds around the risk
could be reported for continuous exposure to an air concentration of 1 part-per-billion. This
redefinition will facilitate an understanding of the benefits of lowering exposure in valuation
exercises for environmental decision-making.

An RfD defined in that manner can be used as RfDs have always been used in aiding
risk-management decisions, but it has additional beneficial features. It presents a dose above
which risks may be increased above a standard criterion or de minimis risk and below which
risks are considered insignificant or minimal but not necessarily zero. It is analogous to the
presentation of cancer risks to risk managers with the understanding that the bright-line
risk-specific dose is based on a previously agreed on de minimis or acceptable level of risk
inasmuch as zero risk cannot be assumed. However, rather than being an expression of the
line between possible harm and safety, the newly defined RfD can be interpreted in terms of
population risk. Managers can then weigh alternative options in terms of the percentage of
the population that is above or below the de minimis risk-specific dose; this also enables a
quantitative estimate of benefits for different risk-management options. An example of this
approach is provided for a thyroid disrupting compound by Axelrad et al. (2005).

The de minimis risk for the RfD could depend on the nature of the health outcome (that
is, a subtle, precursor effect, a mild effect, or a severe effect) and the subpopulation; for
example, the RfD could be based on a 1 in 1,000 risk for a minimally adverse response in
a sensitive subpopulation (Hattis et al. 2002).

As is the case for linear cancer end points, multiple risk-specific doses could be provided
in the Integrated Risk Information System and in the various risk characterizations that
EPA produces to aid environmental decision-making. Different risk-management decisions
may call for different acceptable risks, and this redefinition would provide risk managers a
means of considering the population risk associated with exposures resulting from specific
control strategies. The doses related to different target risks could be distinguished from
RfDs and RfCs with names like risk-specific dose to avoid confusion. The confidence values
associated with these risk-specific doses should be included in any database with the risk
targets to ensure that this key information is not lost. Over the years of experience with
cancer—a severe effect with a relatively long latent period—an acceptable risk range has
been adopted that is used in risk-management decisions. Such experience will accrue for
other health end points.

BOX 5-1 A Risk-Specific Reference Dose

For quantal effects, the RfD can be defined to be the dose that corresponds to a particular risk
specified to be de minimis (for example, 1 in 100,000) at a defined confidence level (for example,
95%) for the toxicity end point of concern. It can be derived by applying human variability and other
adjustment factors (for example, for interspecies differences) represented by distributions rather than
default uncertainty factors.
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Conceptual Models

Approaches to describe dose-response relationships in probabilistic terms depend on how
one conceives the underlying biologic processes and how they contribute to an individual’s
dose-response relationship, the nature of human variability, and the degree to which the
processes may be independent of background exposures and processes. This is illustrated in
three example prototypical conceptual models:

1. Nonlinear individual response, low-dose linear population response with background
dependence. As discussed above, low-dose linearity can arise when the dose-response curves
for individuals in the population are nonlinear or even have thresholds but the exposure to
the chemical in question adds to prevalent background exposures that are contributing to
current disease. The dose-response relationship would be determined to a great extent by
human variability and background exposure. In Figure 5-4, each individual’s dose-response
relationship can be characterized by a threshold dose-response function with zero risk up
to a particular dose and then sharply increasing risk with increasing dose above it. A col-
lection of the threshold dose-response functions for a number of individuals is displayed on
the left side of the figure. The proportion of individuals in the population whose threshold
is exceeded by a particular dose is displayed on the right side.

2. Low-dose nonlinear individual and population response, low-dose response inde-
pendent of background. This is the dose-response conceptual model currently in use for
noncancer end points. For these dose-response relationships, the fraction of the human
population responding drops to inconsequential levels at low doses. At very low doses, the
threshold dose for toxicity is not exceeded in individuals, or the risk is infinitesimal. The
same is true for the population, with the shape of its dose-response relationship determined
by the variability in individuals’ thresholds, as illustrated in Figure 5-5.

Clearly, there are many compounds and end points for which available compound-spe-
cific data are not sufficient to describe probabilistic dose-response relationships for nonlinear
end points adequately. For some chemicals, default distributions may be constructed on the
basis of known chemical and physiologic properties for chemicals considered representa-
tive for this purpose. Some default adjustment factors could be specific for some types of
chemicals. Examples of how default distributions may be derived to support the derivation
of risk for this conceptual model are given below; the committee cites these examples not to
endorse particular distributions or specific results but to provide an example of a low-dose
nonlinear dose-response modeling approach.

Population dose-response

Individual dose-response . .
relationship

Probability relationships Fraction of

of Effect Population
|:> Affected

Dose

Dose
Background dose

FIGURE 5-4 Linear low-dose response in the population dose-response relationship resulting from
background xenobiotic and endogenous exposures and variable susceptibility in the population.
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Population dose-response

Individual dose-response - .
relationship

relationships Fraction of

Population

W |:> Affected

T Dose

Background dose

Dose

FIGURE 5-5 Nonlinear or threshold low-dose response relationships for individuals and
populations.

3. Low-dose linear individual and population dose-response. For this conceptual mod-
el, both individual risk and population risk have no threshold and are linear at low doses,
as illustrated in Figure 5-6. Note that low-dose linear means that at low doses “added risk”
(above background) increases linearly with increasing dose; it does not mean that the dose-
response relationship is linear throughout the dose range between zero dose and high doses.
A possible approach for deriving linear cancer dose-response relationships and estimating
risk for individuals at different quantiles and for the population is described below for this
conceptual model illustrated in Figure 5-6.

To the extent that uncertainty in cross-species and other adjustments can be ascertained,
rough quantitative estimates of uncertainty may be provided and incorporated into the char-
acterization of the dose-response relationship. The upper confidence bound on the population
dose-response curve in Figure 5-6 depicts the uncertainty in the model fit to data, as well as
in the other adjustments.

Individual dose-response ,

relationships / Population dose-response
Probability Fraction of | relationship /
of Effect Population .
I:> Affected /7
7
. / ’
Dose Dose
95th percentile Upper 95th percentile
————— individual —_—r—— confidence bound

FIGURE 5-6 Linear low-dose response models for individuals and population. Individual dose-
response relationships may cross. Thus, individual at the 95th percentile at one dose (dashed line in
graph on left) may not be same individual at another dose. From uncertainty estimates for assessment
components, upper 95th percentile estimate for population dose-response relationship can be derived
(dashed line in graph on right).
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FIGURE 5-7 Dose-response relationships involving a continuous effect variable.

Low-dose linear dose-response relationships can also involve continuous-effect variables,
such as decreasing IQ, illustrated in Figure 5-7. As the exposure increases, IQ decreases
potentially shifting the entire population distribution in the direction of decreased function,
as may occur with methylmercury (Axelrad et al. 2007).

General Approach to Dose-Response Assessment

The general approach, illustrated in Figure 5-8, involves consideration of MOA, back-
ground exposures, and possible vulnerable populations in selecting a conceptual model and
methods for dose-response analysis.

Data Assembly and End-Point Assessment

The process begins, as is done currently, with review of the peer-reviewed scientific
literature to assemble health-effects data for identifying end points of concern. The review
emphasizes end points that are of greatest concern to populations exposed through environ-
mental media. Thus, for chemicals with robust datasets, there is little focus on severe effects
at high doses other than as indicators, for example, of possible target organs, route specificity,
and dose-dependent pharmacokinetics. An exception is the plausible scenario, in which, for
example, acute high-dose exposures occur from chemical terrorism or accidental releases.

One important aspect of dataset selection for dose-response estimation is the consider-
ation of target organ (site) concordance between animals and humans. A toxic effect may
be preferentially expressed in an animal model in a tissue that is particularly vulnerable
because of unique features of metabolism in the tissue, the particular hormonal influences
on the tissue, or the rates of aging, damage, and repair in the tissue, and other factors. In
some cases, the target organ in a rodent species, such as the forestomach or Zymbal gland,
may not have an exact human counterpart. However, the presence of carcinogenic action
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Assemble Health Effects Data

End-point Assessment
« |dentify adverse effects, focusing on those of concern for exposed
populations
« |dentify precursors and other upstream indicators of toxicity

« |dentify gaps — for example, end points or lifestages under assessed
or not assessed

MOA Assessment Vulnerable Populations Background Exposure
(for each end point of concern) Assessment Assessment
» Research MOAs for Identify potentially vulnerable * Identify possible
end points observed in |:> groups and individuals, <:> background exogenous and
animals and humans considering end points, the endogenous exposures
* Evaluate the sufficiency of potential MOA, background * Conduct screening level
the MOA evidence rgte of health effect, and other exposures and analysis, focusing
risk factors on high-end exposure groups
» Evaluate endogenous
processes contributing to MOA

N /
—

Conceptual Model Selection
Develop or select conceptual model:
* From linear conceptual models unless data sufficient to reject low-dose linearity
¢ From nonlinear conceptual models otherwise

Dose-Response Method Selection
Select dose-response model and method based on : Dose-Response Modeling

* Conceptual model and Results Reporting
* Data availability
* Risk-management needs for form of risk characterization

FIGURE 5-8 New unified process for selecting approach and methods for dose-response assessment
for cancer and noncancer end points involves evaluation of background exposure and population vul-
nerability to ascertain potential for linearity in dose-response relationship at low doses and to ascertain
vulnerable populations for possible assessment.

in tissues for which there is no correspondence in humans or that may be regulated differ-
ently in humans does not mean that the toxicity or tumor finding in animals is irrelevant.
That the rodent tissue is sensitive to the toxicant signifies that the toxicant MOAs operate
in a mammalian system that has characteristics in common with similar or even not obvi-
ously related tissues in humans or human subpopulations. Because epidemiologic studies
are often limited in their ability to explore outcomes related to workplace or environmental
exposures, it is typically impossible to rule out the relevance of an effect seen in a particular
rodent tissue unless there is detailed mechanistic information on why humans would not
be affected (IARC 2006). The finding that the high sensitivity of the rat Zymbal gland to
benzene tumorigenesis occurs via an MOA (clastogenesis) similar to that which produces
benzene-induced bone marrow toxicity and cancer in humans (Angelosanto et al. 1996) is
an indication that a tissue that is specific to the rat can still provide important hazard and
potency information related to human risk. In general, tissues that are responsive to a toxi-
cant should be considered relevant to human risk assessment unless mechanistic information
demonstrates that the processes occurring in the tissues could not occur in humans.
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Mode-of-Action Assessment

The MOA evaluation explores what is known or hypothesized about the key events after
chemical exposures that lead to the toxicity of a compound, including metabolic activation
and detoxification, initial interactions with critical cellular targets (for example, covalent
binding with protein or DNA, peroxidation of lipids and proteins, DNA methylation, and
receptor binding), altered cellular processes (for example, apoptosis, gene expression, and
signal transduction), and other types of biochemical perturbation that may involve defense
mechanisms or be considered precursor events. Background or endogenous processes that
might act in concert with those events would also be considered. Any MOA information
that might be helpful in understanding dose-response relationships at both high and low
doses would be considered, including dose-dependent nonlinearities in metabolic processes,
depletion of cellular defenses, potential to outpace repair processes, induction of enzymes by
repeat dosing, additivity and interaction with background disease processes, and additivity
of the chemical and its metabolites with other chemical exposures.

The MOA assessment brings mechanistic information to bear on the dose-response as-
sessment. However, the available data will often be too limited to explain how a chemical
or its metabolites act to produce an effect. In such cases, default assumptions will apply;
below possible defaults are presented in the context of conceptual models. Chapter 6 provides
further recommendations and guidance on developing and applying defaults.

Precautionary lessons on the use of MOA data in dose-response assessment are presented
by way of the following examples. As the first example, findings of rodent liver cancer have
been hypothesized to be of limited or no human relevance for chemicals that are agonists for
the peroxisome proliferator activated receptor oo (PPARa), a hormone receptor involved in
energy homeostasis (Klaunig et al. 2003). Notably findings of rodent liver cancer for di(2-
ethylhexyl)phthalate were found by the International Agency for Research on Cancer (IARC
2000) not to be relevant to humans because peroxisome proliferation was demonstrated in
mice and rats, but not in human hepatocyte cultures or livers of nonhuman primates ex-
posed to DEHP. However, findings of liver cancer at a higher incidence in PPARo-null than
wild-type mice (Ito et al. 2007) call into question this conclusion. Second, MOA assessment
has recently been introduced as a way to determine whether a carcinogen has greater sen-
sitivity early in life. Following EPA (2005c¢), a factor is to be applied when exposure occurs
in early life to account for the greater sensitivity during this period, but only for chemicals
with established mutagenic MOAs. These guidelines (EPA 2005¢) raise the question of what
constitutes a mutagenic MOA. It can be difficult to establish how a chemical with some
genotoxic activity may induce a mutation (for example, direct vs indirect effect), how to
translate findings from one biologic system or age group to another, and how effects are
produced when a chemical induces cancer by multiple MOAs, as many carcinogens are
likely to do. The practice is inconsistent with the EPA approach to low-dose extrapolation
in its cancer risk-assessment guidance: when the MOA is uncertain, the default position is
to assume a low-dose linear extrapolation (EPA 2005b, p. 3-21).

The “M” factor described later in this chapter is introduced to modify the dose-response
slope at low doses to address the case of multiple MOAs or other aspects that can be different
between high and low dose. The MOA assessment would inform the selection of M.

Background and Vulnerability Assessments

A critical aspect of the new approach is the determination that, whether addressing
cancer or noncancer end points, dose-response models should fully address both intersubject
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variability and background disease processes and exposures. How those factors may “linear-
ize” dose-response relationships, which would otherwise be low-dose nonlinear relationships
on the basis of MOA, should be considered explicitly. The committee recommends that two
systematic reviews be included as components of EPA dose-response assessments. The first
is an assessment of background exposures to xenobiotics (for example, in pharmaceuticals,
food, and environmental media) and endogenous chemicals that may affect the processes by
which the chemical produces toxicity and may result in low-dose linearity. The second is an
assessment of human vulnerability that identifies underlying disease processes in the popula-
tion to which the chemical in question may be adding and that suggests groups of sensitive
individuals and their characteristics. Those issues are considered further below in terms of
how they may affect the choice of conceptual model used in dose-response analysis.

To facilitate this step of the dose-response assessment process, the committee provides
an initial set of diagnostic questions that address whether background considerations are
key factors:

e  What is known or suspected to be the chemical’s MOA?

e  What underlying degenerative or disease processes might the toxicant affect or
otherwise interact with?

e What are the background incidences and population distributions of these
processes?

e Are there identified sensitive populations?

e Have the underlying processes been characterized in humans with markers of sus-
ceptibility and precursor effect?

e  What known and probable factors can affect the underlying processes and thus
potentially modulate adverse health outcomes of exposure to the toxicant?

e What are the levels of human-to-human and age-dependent variability and uncer-
tainty with respect to background degenerative and disease processes, and how do they
interact with the toxicant’s MOA?

e  What environmental contaminants in air, drinking water, food or in consumer prod-
ucts (for example, foods, pharmaceuticals, cosmetics) or endogenous chemicals (for example,
natural hormones) are similar to the chemical in question?

e Could they potentially operate by MOAs similar to that of the chemical in
question?

e  What chemicals might operate by a different MOA but have the potential to affect
the same toxic process as the chemical under study?

e How might the endogenous and exogenous background components vary among
individuals? Can subgroups with particularly high exposures be identified?

e Is there a potential for people with high background exposures to have health con-
ditions that predispose them to the critical end points or diseases caused by the chemical
under study?

Questions, like those above, are essential to ask when conducting chemical risk assess-
ment, whether using the unified framework or current approaches. These questions help
identify potential data sources for understanding inter-human variability in response and the
extent to which a chemical may pose risks at low doses, and the limits in that understanding.
EPA’s draft risk assessment for trichloroethylene (TCE) (EPA 2001a; NRC 2006a) took a
step in this direction by considering how differences in metabolism, disease, and other fac-
tors contribute to human variability in response to TCE, and how other factors may alter
its metabolism. EPA’s draft dioxin risk assessment considered the impact of background
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and cumulative exposure to dioxin-like compounds and the potential impact on low-dose
response (EPA 2004; NRC 2006b). The unified framework formalizes the incorporation of
this type of information into human-health risk assessments, through background and vul-
nerability assessments and the subsequent selection of a conceptual model for dose-response
assessment.

A Pictorial to Aid Vulnerability Assessment

Many factors can affect susceptibility to a chemical, including host genetics, disease sta-
tus, sex, age, functional reserve, capability of defense mechanisms (for example, glutathione
status), capability of repair mechanisms, activity of the immune system, and coexposure to
other xenobiotics. Figure 5-9 is an aid to explore how the disease process may be influenced
by numerous biochemical processes and risk factors. Someone who is not very vulnerable
may have no or few risk factors, whereas someone who is vulnerable may have many or far
greater exposure to one or several of them. Figure 5-9 portrays a hypothetical population
vulnerability distribution, with the X-axis representing “functional decline,” a continuous
variable that is an indicator of vulnerability. For example, the indicator of functional decline
for asthma could be reduced airway responsiveness. People who have generally lower levels
of risk factors and disease precursors will be on the left side of the population distribution
in Figure 5-9. Moving to the right will be people who experience a loss of function but are
not symptomatic. With further loss of function, as may occur in people who have additional
or greater exposure to risk factors, biomarker levels are higher and approach their threshold
for symptoms and disease. Stressors that may be innocuous in healthy people may be life-
threatening in those who are susceptible. For example, exposure to low concentrations of
an infectious agent may cause clinical infection only rarely in the average person, but those
whose lung clearance and immune function are compromised may develop pneumonia at a
higher frequency and, when afflicted, may have a greater risk of death.

Figure 5-9 illustrates a hypothetical situation in which the population depicted is ex-
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FIGURE 5-9 Population vulnerability distribution. Arrows represent hypothetical response to same
toxicant dose for people at given level of functional decline unrelated to any particular toxicant. Verti-
cal line represents presumed threshold between overt adverse and nonadverse effect in median person.
Shaded area straddling line represents distribution of thresholds in population.
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posed to a toxicant. The vertical line represents the theoretical threshold to elicit an adverse
clinical effect in the median person. The threshold will not be the same in everyone, so it is
represented in the figure as a normal distribution. The arrows represent the magnitude of
toxicant effect in response to a given dose in people who are at a given level of functional
decline. In this example, people who are more vulnerable are both closer to their threshold
and more responsive to a given toxicant dose (represented by the larger arrows). Toxicant
exposure will shift the vulnerability distribution to the right and make it more skewed, as
indicated by the size of the arrows. Here, as in epidemiology, functional decline or baseline
health status might be thought of as an effect modifier of the risk of interest. Sensitivity
differs because the more vulnerable, on the one hand, have less functional reserve and cel-
lular defense and, on the other hand, may have a greater number of processes that could
contribute to disease (for example, less responsive airways, less pulmonary clearance, poorer
immune surveillance, or impaired cardiac function). Low-functioning people can be at greater
risk not only because they can be near the threshold but because they can have a greater
response per unit dose.

Low doses cause a small shift, and even a very low dose may push a few people over their
threshold. If the background level of clinical effect is high (for example, 1% of people have
the disease) and there is considerable baseline variability, many people would be expected
to be vulnerable to a toxicant-induced increase in the disease. In the case of rare diseases or
effects (for example, affecting 1 per 100,000), few people are expected to be just shy of the
threshold, and it would take a larger dose of toxicant to produce the same increase in effect
as in the high-background case. The diagnostic questions listed above may help the risk as-
sessor to understand the characteristics of the population vulnerability distribution and the
potential for low-dose exposures to push some in the population over their threshold.

Selection of a Conceptual Model

Based on the background exposure, MOA, and vulnerability assessments, a decision
is made as to the general approach to the dose-response analysis. It involves a selection of
conceptual models for individual and population dose-response relationships. To guide this
decision, the committee has developed examples of prototypical conceptual models, described
earlier and summarized in Figure 5-10.

Consideration of background exposures and processes is critical for the determination
of likelihood of low-dose linearity in the population dose-response relationship. Conceptual
models 1 and 3 are illustrations of low-dose linearity in population response. The commit-
tee recommends that agents be considered as low-dose nonlinear, as in conceptual model
2, only if

¢ Biologic additivity is not a significant response modifier, for example, there are very
low background rates of health end points or damage processes in the population in general,
or relevant to the chemical’s known or possible MOAs.
e Chemical additivity is not a significant response modifier, that is,
— the totality of exposure to the toxicant and other agents (exogenous and endog-
enous) is unlikely to cause the adverse affect, or
— the toxicant’s contribution is so inconsequential that it will not promote the
related ongoing toxic processes.

To illustrate the criteria, consider the case of ambient xenon. At high levels, say 70%
(mixed with 30% oxygen), xenon is an analgesic and induces a hypnotic effect, and at high
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Low-Dose-Response Response Response
1. An individual’s: Probability Fraction of
’ . ’ of Effect Population
Nonlinear Affected
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Llnear Background dose Dose Dose
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2. An individual’s: y Population
X of Effect p
Nonlinear Affected
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Nonlinear Background dose Dose Background dose Dose
3. An individual’s: Probability Fraction of
. of Effect Population
Linear Affected
The population:
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Dose Dose

FIGURE 5-10 Examples of conceptual models to describe individual and population dose-response
relationships.

levels, xenon displaces oxygen. The MOA for xenon’s anesthetic action is unknown but is
believed to be electrophysiological in nature, like the other volatile anesthetics. Xenon is
ubiquitous in air, at quite a low concentration (0.0000087%). If asked to do a risk assess-
ment for environmental levels of xenon, should a linear or nonlinear approach be applied?

While the MOA is unknown, the number of individuals in the general population with
analgesia by xenon relevant MOAs will be restricted to those undergoing surgery, and so the
first criterion is met. The totality of exposure to xenon and other volatile anesthetics is not
producing anesthesia in the general population. Also, at 0.0000087% xenon’s contribution
to even those undergoing anesthesia would be inconsequential, as would the degree of oxygen
displacement. Thus both criteria point to a threshold approach for the xenon analysis.

Carbon monoxide also impairs blood oxygenation. Its average ambient concentration,
expressed as carboxyhemoglobin levels in blood (COHDb), is 0.5% COHb. This concentration
is less than an order of magnitude below the COHb concentration where effects are observed
in human subjects: 2-6% COHD has been associated with increased angina symptoms in
those with coronary artery disease. Even in apparently healthy subjects, COHb levels as low
as 5% are seen to affect maximal exercise time and the maximal exercise level. Furthermore,
concentrations of carbon monoxide in air can fluctuate diurnally, geographically, and by
activity (for example, driving). Thus in evaluating the risk of carbon monoxide exposure,
both of the above criteria indicate a linear approach should be considered: coronary heart
disease is common and increased carbon monoxide exposures will likely contribute to ongo-
ing toxic processes.

The recommendation to consider background exposure and vulnerability in deciding
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between linear and low-dose nonlinear approaches applies even to agents that, when tested in
isolation in rodent models, appear to have a threshold and whose MOAs (in the absence of
consideration of background and human heterogeneity) would otherwise suggest a threshold.
Approaches and guidelines for conducting vulnerability and background assessments will be
needed, as will guidelines for conducting the assessments and selecting conceptual models.

Selection of Method for Dose-Response Analysis

The approach to the analysis depends on the conceptual model, the data available for
the analysis, and risk-management needs. If, for example, data are sparse and available only
from animal studies and low-dose linearity is ruled out, the analysis may proceed by using
default distributions for adjustment factors and using methods like those described in the
next section. If there is a relatively high endogenous or exogenous background exposure
to the same and related chemicals or vulnerability can be substantial and highly variable
(perhaps in particularly sensitive subgroups), the analysis may proceed by a linear default
or incorporate distributional information specific to the particular chemical or circumstance
being analyzed.

The following section suggests approaches to dose-response analyses for a variety of
toxic mechanisms and interactions with background processes and exposures. The general
assumption in working through the examples provided is that variability distributions are
unimodal: people who are at an extreme for a particular parameter are not numerous enough
to constitute a subpopulation that should be analyzed separately. However, for any given
parameter (for example, respiratory function, immunoglobulin E status, blood pressure,
xenobiotic-metabolizing capacity, or DNA repair), a multimodal distribution may exist and
be influential enough to create a multimodal distribution of risk at a given dose.

Unique subpopulations can be addressed as special cases within the framework. Figure
5-11 depicts such a case, showing that the dose-response relationship for sensitive people
has very little overlap with that for the typical person. If the sensitive people constitute a
distinct group either because of their numbers or because of identifiable characteristics—such
as ethnicity, genetic polymorphism, functional or health status, or disease—they should be
considered for separate treatment in the overall risk assessment. An example of a gener-
ally susceptible well-defined group is asthmatics, with respect to their response to irritant
gases emitted from rocket engines (NRC 1998a). Analysis of dose-response functions of
asthmatic subjects indicated sensitivity to hydrochloric acid potentially 3 times greater, to
nitrogen dioxide 10 times greater, and to nitric acid 20 times greater than healthy individuals,
respectively. The committee reviewing the data considered that a multimodal distribution
that includes the variance and distributional form within each mode was needed for full
characterization of the range of sensitivity to those irritants. Issues of threshold and back-
ground additivity can be analyzed separately for each mode to determine whether low-dose
linearity assumptions are appropriate for one or more subpopulations. While consideration
of susceptible subpopulations has been included in a number of environmental risk assess-
ments (for example, NRC 2000 [copper and Wilson’s disease heterozygotes]; EPA 2001b
[methylmercury effects on developing children]), the level of consideration and incorporation
in EPA assessments could be much improved. The conceptual framework and committee
recommendations in this chapter support qualitative and quantitative improvements.
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FIGURE 5-11 Widely differing sensitivity can create a bimodal distribution of risk.

CASE STUDIES AND POSSIBLE MODELING APPROACHES

This section provides case studies and possible methods for dose-response analysis for
the three example conceptual models, as outlined in Figure 5-12. Methods take into account
the nature of the data available. Some methods are “bottom up” in that the dose-response
relationship is constructed from components. An example is given for how human variabil-
ity in asthmatic response might be inferred from gene polymorphisms and might lead to a
description of the population dose-response relationship for asthma. Other methods are “top
down” in that the dose-response relationship at low doses is derived by fitting exposure-
response models to observations from epidemiologic or animal studies.

Conceptual Model 1: Low-Dose Linear Dose-Response Relationship Due to
Heterogeneous Individual Thresholds and High Background

Particulate-Matter Case Study

Fine PM (PM, ;) belongs to a family of pollutants (including ozone) with noncancer
end points for which the evidence points to a linear or other nonthreshold population re-
sponse at low doses. For those agents, exposed individuals have different thresholds, and
full characterization of the distribution of thresholds in the population (in this case based
on epidemiologic evidence) is informative for a population concentration-response func-
tion. Numerous factors contribute to the distribution of the thresholds, as explained later.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

152

Characteristics

Examples or
Case Studies

Example Dose-
Response Method

SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

Conceptual Model 1

Conceptual Model 2

Conceptual Model 3

® Threshold on individual level
® Linear on population level
® Background additivity

® Threshold on individual level
* Nonlinear on population level

® Linear on individual level
® Linear on population level

* PM cardiopulmonary effects

® |rritants and asthma

* 1,4-Dioxane hepatis spongiosis
* Phosgene

* General case example given
® Xenon anesthesic response

® 4-Aminobiphenyl carcinogenic
risk
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* Estimate BMD, for example
dose causing 10% risk
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(a distribution)
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dose causing 10% risk
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FIGURE 5-12 Three example conceptual models lead to different descriptions of dose-response
relationships at individual or population levels. These are illustrated in the case studies. For each
conceptual model, there may be a sensitive subgroup that should be addressed with separate dose-
response analysis.

Furthermore, PM, ; is an example of pollutants that have numerous sources of exposure, so
any analysis of a given source of PM, . takes place against a background that may already
be above a threshold for numerous people.

This case illustrates two dose-response issues that are of particular interest to the
committee’s framework for dose-response assessment:

e How concentration-response functions are developed throughout the range of ob-
served exposures, taking into account potential nonlinearities and population thresholds.

e  How human heterogeneity in response has been quantified and formally addressed
both to understand sensitive subpopulations and to determine the distribution of individual
thresholds to understand low-dose effects better.

How concentration-response functions are determined outside the range of observed
exposures is not addressed. The available epidemiologic evidence for PM, ; analyses has
involved fairly low-level exposures, and extrapolation below the level of observation to any
great degree is less important than for compounds for which evidence is derived from animal
bioassays or occupational (high dose) epidemiology.

The PM, ; dose-response assessment entails the construction, from epidemiologic obser-
vations, of a concentration-response function spanning all observed levels of exposure. Such
a function could be used to determine directly the proportion of people whose thresholds
were exceeded by a given concentration (as described above), if concentration-response func-
tions were developed all the way down to the lowest observed exposure (ideally, approaching
nonanthropogenic background). However, in a benefit-cost analysis framework, the question
of the slope of the concentration-response curve near nonanthropogenic background is ir-
relevant because any feasible control strategies involve incremental exposure reductions and
some residual exposure. For the PM, ; case, an important outcome of the assessment for
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risk management is the difference in the proportions of people adversely affected between a
precontrol and a postcontrol scenario. Thus, the analysis has focused on risks in regions of
the dose-response curve in which control options are relevant.

Some investigators have used statistical techniques to investigate whether any nonlineari-
ties (including population thresholds) were present in PM, ; concentration-response functions
in the range of observed data. For time-series studies looking at mortality and morbidity end
points, the statistical methods used have included generalized additive models (Schwartz et
al. 2002) and penalized regression splines (Samoli et al. 2005). Other studies have evaluated
the questions of thresholds and nonlinearities explicitly by fitting piecewise linear concentra-
tion-response functions with defined knot points and then using model averaging based on
the posterior probabilities of the various candidate models (Schwartz et al. 2008). Regardless
of the approach, any of these techniques allow the explicit consideration of nonlinearities
in concentration-response functions, including the possibility of population thresholds.
However, these approaches are clearly applicable only to epidemiologic evidence, in which
there are observations at a sufficient number of magnitudes of exposure to infer the shape
of the concentration-response function empirically rather than on the basis of prior hypoth-
eses about functional form. It is also most relevant for population rather than occupational
epidemiology, so it will be valuable for only a small number of compounds (those to which
exposure is ubiquitous and which pose relatively high population risks).

One crucial question is whether those statistical methods have demonstrated population
thresholds for PM, s or substantial departures from linearity. Another is whether the data
would ever be rich enough to discriminate between a model with a threshold and a model
without a threshold. Most studies that have used the methods (Schwartz and Zanobetti
2000; Daniels et al. 2000; Schwartz et al. 2002; Dominici et al. 2003; Samoli et al. 2005)
have concluded that the functions are effectively linear throughout the range of observed
concentrations, which, in the case of many time-series studies, approaches zero. Thus, in
spite of the use of statistical models that could detect population thresholds, or at least
low-dose nonlinearity, no thresholds appeared to be present in the range of observed con-
centrations. That finding has been attributed (Schwartz et al. 2002) to the fact that there is
a wide distribution of individual thresholds and, in the case of cardiopulmonary mortality (a
background disease process with which PM, ; exposures are associated), numerous genetic,
environmental, disease-state, and behavioral risk factors each contribute to the distribution
of the thresholds.

The extent of the distribution of individual thresholds was quantified by one study of
PK and PD factors that influence heterogeneity in response to PM, ¢ (Hattis et al. 2001) The
study assumed lognormality to describe the distribution for individual thresholds. The study
concluded that the most susceptible (99.9th percentile) people would respond at doses only
0.2-0.7% of those needed to exhibit responses in people of median susceptibility. An exten-
sion of this analysis found results for subpopulations that were consistent with lognormal
distributions for a very small number of cut points (Hattis 2008), suggesting the general
population responses may be consistent with a mixture of lognormal distributions. Given
that the analyses did not include all important aspects of coexposures and disease states that
might influence vulnerability, the true heterogeneity could be greater. That provides good
physiologic plausibility of low-dose linearity on a population basis, given ubiquitous expo-
sures that imply that a substantial number of people will be found to be at least as sensitive
as the 99.9th percentile individual.

Human heterogeneity in response has also been evaluated epidemiologically through the
examination of effect modifiers to identify sensitive subpopulations. For example, multiple
studies have found that the relative risk of cardiovascular end points (ranging from markers
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of systemic inflammation to hospitalization to death) was increased in people with diabetes,
hypertension, or conduction disorders of the heart (Zanobetti et al. 2000; Dubowsky et al.
2006; Peel et al. 2007). In principle, such pooled evidence from multiple studies could allow
a calculation of the risk of an effect of a defined dose in subpopulations with and without
specific conditions. Instead of attempting to define risk-specific doses for a pooled popula-
tion that includes a wide range of sensitivities, a stratified analysis could be performed of the
range of thresholds possible in the population on the basis of what is known about unique
and definable subgroups.

There are some aspects of PM, ; and other criteria pollutants that are not generalizable
to other pollutants, but this case example illustrates the greater role that epidemiology could
play in unified toxicity assessments. Opportunities to develop concentration-response func-
tions for noncancer end points should be exploited by using statistical techniques to draw
empirical inferences about the shape of the concentration-response function in the range of
observed data, taking account of sensitive subpopulations. This case also serves as a reminder
that EPA is already developing quantitative risk estimates for a few noncancer stressors that
go beyond the threshold concept and has been doing so for some time.

Asthma Case Study

The PM, ; case provided an example of how “top-down” methods can be used to
characterize the population distribution of vulnerability. “Bottom-up” approaches may also
be informative, as described by this example. These approaches entail characterization of
background processes of function loss, damage, disease, and concomitant exposures that
will enable a description of the population distribution of vulnerability. That, in turn, can be
used in assessing interindividual variability in toxicodynamic response at low doses and can
inform the shape of the dose-response relationship at low doses. A case study of asthma is
used to explore the concept. Here evidence from markers of disease susceptibility combined
with analyses of genotypic differences in vulnerability and relatively high background asthma
incidence are considered to evaluate the potential for asthmagenic chemicals to have linear-
dose-response relationships at low doses.

Host markers of susceptibility to asthma have been developed and can be used to
construct a vulnerability distribution. Asthma occurs in people who are hyperresponsive
to allergens and irritants and are thus at the high end of the population distribution of
airway responsiveness. The methacholine-challenge test is one of several probes used to
screen populations for airway reactivity and used in the diagnosis of asthma. Methacholine
is a cholinergic bronchoconstrictor in both normal and hyperreactive airways; there is a
continuous distribution of airway reactivity as defined by the challenge dose required to
decrease FEV, by a given percentage. FEV, is the volume of air that can be forced out of
the lungs in 1 s after a person takes a deep breath. The PC,, is the provoking concentration
of methacholine required to decrease FEV, by 20%. Among healthy, nonasthmatic people,
this measure is distributed so that the majority have low reactivity (high PC,;) and a subset
have high to very high reactivity. The PC,, of 8 mg/L has been used as a cut point to indicate
airway hyperreactivity; a person with a PC,, below this value is considered to be hyper-
responsive and is likely to be either asthmatic or vulnerable to becoming asthmatic. Those
with reactive airways appear to be at increased risk for xenobiotic triggering of symptoms
and the onset of clinically diagnosed asthma, as indicated in prospective studies that con-
trast “normoresponders” with asymptomatic “hyperresponders” (Laprise and Boulet 1997;
Boutet et al. 2007). The hyperresponders tended to develop more asthmatic symptoms and
have decreasing PC,,,.
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Boutet et al. (2007) evaluated the distribution of PC, values in a population of 428
healthy vocational students in the province of Quebec, Canada. Figure 5-13 is constructed
from the data presented in that study. Asymptomatic hyperresponsiveness (PC, less than 8
mg/mL) was observed in 8.5% of the subjects. The increase in respiratory symptoms over a
3-year observation period differed dramatically in this population. Those most at risk had
the highest baseline response to methacholine (PC, less than 4 mg/mL); these high responders
had a relative risk of symptoms of over 30 compared with baseline normal responders (PC,,
over 32 mg/mL). The increase in symptoms in this population was apparently not related to
workplace exposure and so may reflect a generalized trend toward the asthmatic phenotype
in otherwise healthy people who are asymptomatic hyperresponders in the initial screening.
This finding is reinforced by a similar earlier occupational study of animal workers and
bakers (de Meer et al. 2003).

The findings indicate how an underlying disease factor, such as airway hyperresponsive-
ness, can influence the onset of new disease (in this case asthma) in the population. The more
people are in the asymptomatic but vulnerable range, the more likely it is that new cases
of disease will occur. Different populations may have different background distributions of
predisposing risk factors, as shown in an analysis of PC,, data by Hattis (2008).

The background rate of airway hyperresponsiveness may be used to assess the number
of people at risk for developing asthma symptoms in response to even low doses of a new
insulting agent. If the background rate of hyperresponsiveness is low, the number of people
near the threshold for symptoms may also be low, and the low-dose incremental effects of
the toxicant may have a linear dose-response relationship but with a shallow slope. If many
people are vulnerable, the slope at a low dose may be steeper, with a greater incremental
effect increase per unit of exposure. Thus, variability in this precursor characteristic, airway
hyperresponsiveness, may be a key input into a distributional analysis of the effects of ozone
or other toxicants on asthma risk. It will be a challenge to toxicology and epidemiology to
generate data that can inform understanding of the interaction of toxicants with predispos-
ing disease factors in vulnerable populations. A simplistic approach to these relationships
for asthma follows.
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FIGURE 5-13 Baseline airway reactivity as vulnerability factor for allergen-induced respiratory effects
expressed as relative risk. Source: Data from Boutet et al. 2007. Reprinted with permission; copyright
2007, Thorax.
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FIGURE 5-14 Effect of asthma-related gene polymorphisms on human vulnerability to asthma. Odds
ratios and frequencies were calculated with assumption of 16 gene variants, each point representing
a unique combination. Referent genotype (arrow) has odds ratio of 1, and profile composed of all
variants (circle) is at other extreme. Source: Demchuk et al. 2007.

Progress has been made in identifying specific genetic factors that predispose to asthma.
A recent publication breaks the factors into three broad categories: immune and inflam-
matory (12 genes), atopic (three genes), and metabolic (one gene) (Demchuk et al. 2007).
By accounting for the population frequency of polymorphisms that affect gene expression
or protein function and for the odds ratio associated with each polymorphism in terms of
asthma risk, the analysis provided a population distribution of vulnerability to asthma, as
shown in Figure 5-14. If some people had all the higher-risk polymorphisms (circle) and the
sensitivity-enhancing effects acted multiplicatively when combined, these people would have
a roughly 50,000-fold increase in risk of developing asthma compared with all wild-type
people (arrow). Kramer et al. (2006) propose ways of identifying key candidate genes to
better describe genetic susceptibility on PM induced asthma and how research might better
support the regulatory standard-setting for PM. Modeling exercises can explore toxicant
interaction with the polymorphic pathways to see how exposure in conjunction with host
variability may combine to create a distribution of risk of asthma. In the absence of such an
understanding, it would be reasonable to assume that chemicals that induce or exacerbate
asthma do not have threshold dose-response relationships at the population level and that
low-dose linearity prevails.

1,4-Dioxane in Animals Case Study

When epidemiologic data are lacking, diagnostic questions regarding vulnerability
and background exposures may be difficult to answer. The background rate of toxicity in
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unexposed animals and the shape of the dose-response relationship may indicate whether
background or endogenous processes will be important in evaluating the potential for low-
dose linearity. Variability is expected to be much greater in the human population than in
tester strains bred for use in the laboratory and exposed under controlled conditions, so it is
important to reflect on potential human processes in reaching overall conclusions. However,
animal studies can be more thorough in evaluating age-related and spontaneous toxicity in
the control group than is typically possible in unexposed or reference human populations.
Therefore, animal toxicity studies may provide important insights into the potential for
low-dose linearity.

A case in point is 1,4-dioxane. This solvent produces histopathologic changes in the
liver’s Tto cells termed hepatic spongiosis—an inflammatory lesion of the sinusoidal and
endothelial cells that can be progressive and is believed to be involved in the response to
nitrosamines and other hepatocarcinogens in rodents (Karbe and Kerlin 2002; Bannasch
2003). This end point is sensitive to 1,4-dioxane exposure (Yamazaki et al. 1994) and is an
example of a noncancer end point. However, evidence of its involvement as a precursor le-
sion in hepatocarcinogenesis could lead to its evaluation with a different analytic framework
(for example, conceptual model 3). As shown below, control males have a high incidence
(24%), whereas this lesion was not detected in the control and lowest-dose females. The
sex-specific differences in background incidence of and sensitivity to liver disease mirror the
pattern of hepatocarcinogenesis in rats and humans, with males more commonly affected
than females (West et al. 2006).

As seen in Figure 5-15, the high background rate of the toxic end point in males is
associated with a steeper dose-response curve at low dose in males than in females; this is
consistent with the shape of the dose-response curve expected on the basis of the background
rate of response.

The potential for background processes to affect the shape of the dose-response curve
for specific toxicants as observed in animal studies should be considered in building PD
variability distributions in humans and in evaluating the possibility of low-dose linearity.
In the case of the hepatic effect caused by 1,4-dioxane, prefibrotic and precirrhotic findings
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FIGURE 5-15 Dose-response relationship for liver spongiosis in 1,4-dioxane-exposed rats. Bars indi-
cate the 95% confidence intervals. Source: Adapted from Yamazaki et al. 1994.
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in the human population would be helpful in weighing the relevance of findings on animal
vulnerability to that likely to occur in people. Diagnostic methods that can detect subtle liver
damage in humans, such as ultrasonography and liver-function tests, may help in exploring
background vulnerability to hepatotoxicants if developed further and applied to popula-
tions of healthy people (Hsiao et al. 2004; Maroni and Fanetti 2006). Existing underlying
conditions and their causes could be considered in the context of potential mechanisms of
1,4-dioxane toxicity to evaluate whether the dose-response relationship should be treated
as linear or nonlinear at low doses.

Default Modeling Approach for Conceptual Model 1: Linear Extrapolation for Phosgene

As described above, small chemical exposures in the presence of existing disease pro-
cesses and other endogenous and exogenous exposures can have linear dose-response rela-
tionships at low doses. Thus, a simple methodologic default to address conceptual model 1
compounds is linear extrapolation from the POD, such as a benchmark dose, down to low
doses. Greater information on MOA and chemical interactions with background disease
processes and similarly acting chemicals may allow different low-dose extrapolations. For
example, the slope of the line at the POD or another particular dose could be adjusted, as
described below for conceptual model 3.

Linear low-dose extrapolation for a noncancer end point is illustrated with the case
example of phosgene. This reactive respiratory toxicant damages the airways at high doses,
and dose-response studies in rats exposed for 12 weeks report effects of inflammation and
fibrosis of the bronchiolar region (Kodavanti et al. 1997; EPA 2005d). The BMD,, for this
phosgene effect in rats is 170 pg/m3 as a human equivalent concentration (HEC). The lower
95% confidence bound—the BMDL, ;—is 30 ug/m?. To this an adjustment is made because
the study is subchronic rather chronic, and chronic exposure is of interest in calculating an
alternative RfD.

In considering how this risk may be manifested in human populations, the background
incidence of asthma—about 6% in children (CDC 2007)—is relevant. Asthmatics experience
inflammation, fibrosis, and airway remodeling in response to environmental allergens and
irritants and so constitute a large population potentially vulnerable to phosgene. In addition
there are numerous medical conditions (for example, infection, environmental exposures, and
pharmaceuticals) that lead to the lung inflammation and fibrosis that would potentially be
worsened by phosgene exposure. Thus, there is a potential for background additivity that is
consistent with conceptual model 1 and linear extrapolation to low dose. Further analysis of
cell types and disease processes involved in phosgene toxicity and the other medical condi-
tions may lead one to discover otherwise, but absent more definitive information indicating
implausibility, background additivity would be assumed.

Box 5-2 shows that a linear extrapolation from the BMD derived by EPA would yield
a risk-specific dose (median estimate) of 0.0085 pg/m3 phosgene exposure. Theoretically,
exposure at this dose is predicted to contribute to inflammation and fibrosis in 1 in 10° of
exposed individuals. The phosgene RfC of 0.3 ug/m?3, set by EPA with a 100-fold cumulative
uncertainty factor, corresponds to a theoretical risk that 1 in 3,000 (median estimate) indi-
viduals could be affected, on the basis of linear extrapolation. Implicit in the extrapolation
are the assumptions that a 10-fold reduction in exposure will result in a 10-fold reduction in
risk and that the BMDL,, in terms of the HEC is the human 10% effect dose. This approach
could be refined to explore the variability between individuals that is possible because of
pharmacokinetics, the incidence and distribution of relevant respiratory health conditions,
and many other factors, and to explore issues regarding species dose-effect concordance for
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BOX 5-2 Conceptual Model 1:
Default Linear Low-Dose Extrapolation for Phosgene

1. Assume uncertainty in all parameters can be characterized by a lognormal distribution, with stan-
dard deviation represented by .

2. BMD,, (human equivalent concentration) = 170 ng/m3, with 95%-tile lower bound 30 pg/ms3 vari-
ability in animal BMD, with a difference between lower 95% bound and median of 5.7-fold (because
5.7=170/30):

G animal BvD = 109(5.7)/1.645 = 0.46
(Division by the 95% confidence bound is 1.645 standard deviations from the median in the
standard normal distribution.)

3. The human equivalent concentration accounts for cross-species differerence in pharmacokinetics
but not pharmacodynamics.

Assume, as in Hattis et al. 2002, that 6,4,y = 0.42
4. Median human POD:
Adjust for subchronic to chronic study length, as in Hattis et al. 2002, by a factor of 2:
170 pg/m?3 + 2 = 85 ug/m?
Assume the uncertainty (6 ,4sc_,c?) in the adjustment, as in Hattis et al. 2002:
Ojogscosc = 109[2.17] = 0.34
5. Uncertainty in the human POD (6,g4yman pop):
G2IogHuman POD = GzlongnimaI BvD T G2IogA~>H +0 2IogSCAC
Gl H— pop = 0.46° + 0.422 + 0.342=0.712
6. Lower 95% confidence bound on Human POD =
(median human POD)/10l(1-645)(clogHuman POD)] — 85/1(l(1.645)(0.71)] = 85/14.7 = 5.8 ug/m3

7. Linear extrapolation to risk-specific dose - inflammation of 1 in 105 people would be affected:

risk-specific dose = 105 x (85/0.1) = 0.0085 pg/m3, with lower bound 0.00058 pg/m?3

8. Estimate risk at different doses: for example, at 0.01 pg/m3, three people in 105 (median estimate)
would be affected.

phosgene. Here, as for conceptual model 3, an important issue is whether dose effectiveness
is the same at high doses and low doses. Extrapolation methods for addressing that are
discussed in the section below on the mathematical framework for conceptual model 3.

Conceptual Model 2: Low-Dose Nonlinear Dose-Response in Individuals and the
Population, Low-Dose Response Independent of Background

The approach would be applied when there is sufficient evidence to reject the possibility
of low-dose linearity on the basis of vulnerability and background assessments. As discussed
above, the committee encourages the agency to conduct the necessary research and develop
appropriate methods and practices for using probabilistic methods for low-dose nonlinear
end points. To illustrate the approach, an example methodology using distributions for mak-
ing calculations is laid out here and sample calculations are applied for a general case. The
committee acknowledges that work is needed to further develop the underlying distributions
and that methods are needed to support their use in a regulatory context.

Deriving a Reference Dose with Probabilistic Methods

Published methods and examples describing noncancer risk probabilistically (Gaylor et
al. 1999; Evans et al. 2001; Hattis et al. 2002; Axelrad et al. 2005; Hattis and Lynch 2007;
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Woodruff et al. 2007) illustrate a general approach or elements of it that can be used for
this conceptual model. They can lead to an RfD based on a de minimis risk target, such
as a specified fraction of the population exceeding a threshold, and the uncertainty in that
estimate (for example, less than 1 in 100,000 people with some threshold response with a
95% confidence interval).

The general approach is to use distributions for the adjustments to the POD to derive
a human-based POD and then to extrapolate from the human POD to lower doses on the
basis of assumptions about how humans differ in susceptibility. Figure 5-16 shows how the
adjustments from the animal to the human POD could be made. They are depicted here
as distributions for the subchronic-to-chronic adjustment (if animal study was of less than
chronic duration), database deficiencies, and animal-to-human adjustment, encompassing
PK and PD across-species variability. As illustrated in Figure 5-16, the adjustment distri-
butions can be convolved by using statistical or numerical approaches to form an overall
adjustment and uncertainty distribution. Quantitatively accounting for the uncertainty in the
adjustments enables a quantitative expression of the uncertainty in the overall adjustment.
The adjustment distribution is applied to the animal POD to derive a distribution for the
human POD. The extrapolation from the POD down the dose-response curve is driven by
interhuman variability, broken out in Figure 5-16 into PK and PD elements. The application
of adjustment and uncertainty distributions representing each of these elements effectively
converts the animal POD (for example, the BMDL or the ED,, the effective dose estimated
to affect 50% of subjects) to a probabilistic dose-response relationship for the human popu-
lation with confidence bounds based on the adjustment distributions.

It is possible in principle to derive the RfD on the basis of some upper percentile value
selected from each of the distributions. That would yield a single estimate, similar to the
current approach. The preferred method is to incorporate the full distributional information
on each component factor by using probabilistic approaches, such as a Monte Carlo ap-
proach or a simple analytic approach (for example, when adjustments can be described by
lognormal distributions). In that case, the RfD could be selected as a confidence point on the
probability distribution for the fraction of the population with a defined risk. Alternatively,
the population risk posed by a given dose could be described with a probability distribution
reflecting the uncertainty in the estimate.

The approach relies on distributions for the adjustment factors. Researchers develop-
ing the method have defined distributions of each of the factors from empirical databases,
as briefly summarized below. These distributions are provided to show how they might be
derived, not as an endorsement of any specific distribution or their use by EPA. The distribu-
tions that lead to the adjustment of the animal POD to the human POD are described first,
and then those used to extrapolate from the human POD to lower doses.

Distributions to Adjust Animal POD to Human POD

e Subchronic-to-chronic factor. Subchronic and chronic NOAELs from a database of
61 chemicals were compared and statistically analyzed (Weil and McCollister 1963; Nessel
et al. 1995; Baird et al. 1996). A lognormal distribution was fitted to the data, which had
a geometric mean of 2.01 (that is, the subchronic NOAEL was generally twice the chronic
NOAEL) and a geometric standard deviation of 2.17 (Hattis et al. 2002). The standard
10-fold adjustment factor for subchronic-to-chronic extrapolation was about at the 98th
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percentile of this distribution (that is, 98th percentile = 2.01 x 2.17 x 2.17 = 9.5) (Baird et
al. 1996; Hattis et al. 20023).

e  Database-deficiency factor. A dataset for 35 pesticides with “complete” toxicity-
testing profiles was analyzed to compare reproductive, developmental, and chronic NOAELs
(Evans and Baird 1998). It was possible to develop distributions for missing reproductive,
developmental, or chronic toxicity data in terms of how much the POD can change by the
addition of the missing data (Hattis et al. 2002). The data source is limited in terms of the
type of chemicals assessed (pesticides) and the end points analyzed, but it provides an ex-
ample of a useful approach to developing a distribution for this factor.

e Animal-to-human extrapolation. Cross-species differences in acute and subacute
toxicity of anticancer drugs have been generalized to draw conclusions about animal-human
differences in noncancer and cancer toxicity (Freireich et al. 1966; Travis and White 1988;
Watanabe et al. 1992; Hattis et al. 2002). Animal-human interspecies distributions have been
inferred from rat-mouse comparisons of cancer potency (Crouch and Wilson 1979), although
because of the nature of the underlying data the distributions are likely to underpredict
actual species differences. The results for cancer chemotherapeutic agents may have limited
applicability. First, the agents are mostly direct-acting, so species differences in PK may not
be as great for environmental chemicals. Second, the results are for a narrow range of end
points (lethality and tolerated dose), and may not be representative of species differences
for the more variable critical end points for environmental toxicants. Third, results are for
acute and subacute exposures, and may not adequately represent cross-species differences
for chronic exposures and more subtle end points. Indeed, Rhomberg and Wolff (1998) have
shown that cross-species scaling observed with single-dose-lethal toxicity differs from the
subacute toxicity. These authors hypothesize that “dose-scaling patterns across differently
sized species should be different for single-dose and repeated-dose regimes of exposure, at
least for severe toxic effects.” The number of animal species studied is also an important
consideration in developing the cross-species extrapolation distribution (Hattis et al. 2003).
Further exploration of the issues raised is needed in developing interspecies distributions for
application in EPA assessments.

o Example derivation of the human POD. In the examples given above, lognormal
distributions replace uncertainty factors, and each factor is independent of the other. The
overall adjustment is simple to calculate and does not have to be done numerically, using
for example, Monte Carlo treatment. To obtain the human POD, the animal POD is divided
by the overall adjustment factor, which for the sake of discussion is called here “F, ;; pop

»
adjust®

Human POD = Animal POD + F, ;; pop adjust®

The overall adjustment is made up of three adjustments: for animal-to-human extrapola-
) p J p
tion, “F, ,;”; for experiment duration from subchronic to chronic, “Fy- ,-”; and for data
(43 ”»
gaps, “Fg,,.” Thus,

Human POD = (Animal POD)/(F, ;i pop adjust) = (Animal POD)/(F, _;; x Fgo_ ¢ x
Feap)-
ap

3A full version of this publication is available at http://www?2.clarku.edu/faculty/dhattis. Updated results are
published in Hattis and Lynch (2007).
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If each factor is lognormally distributed, Fy 11 pop 445 Will be lognormally distributed; when
a given adjustment is not needed its factor would be assigned a single value of 1.

The animal POD could be established as it is currently, or it could be described by the
BMD distribution associated with its estimation. If the estimator of animal POD is lognor-
mally distributed or is considered a constant, the human POD will be lognormally distrib-
uted. In this example, distribution of the animal POD is taken into account. Guidance on
how a BMD should be defined for continuous outcomes would facilitate its current use as
an animal POD (Gaylor et al. 1998; Sand et al. 2003) and for the probabilistic descriptions
envisioned here.

The median value of the human POD distribution can be calculated by substituting the
median values of the factors and the animal POD in the above equation.

log (Human POD) = log Animal POD - (log F, ,j; + log Fgc ¢ + log F, ).

For this case, each factor is assumed to be lognormally distributed,

2 — 2 2 2 2
o logHuman POD — Y logAnimal POD +0 logA—H +0 logSC—C +0 logGap*

The lower confidence bound on the human POD can be readily calculated. The human POD
is the starting point for the extrapolation to lower doses based on information on human
variability. A sample set of calculations is provided in Box 5-3 to illustrate how the above
calculations can be made to derive a human POD.

Human Variability Distributions for Extrapolating from Human POD to Low Doses

e [nterindividual variability—PK Dimension. Blood concentration information (AUC*
and C_, °) were compiled for 471 data groups involving 37 drugs (Hattis et al. 2003) and
summarized. A small number of data groups involved children under the age of 12 years.
These PK data summaries that included young children (Ginsberg et al. 2002; Hattis et al.
2003) were then incorporated to yield a PK variability estimate for the overall population
(Hattis and Lynch 2007). This work illustrates the feasibility of constructing PK variabil-
ity distributions that are specific to particular age groups and clearance mechanisms. PK
parameters have been derived from blood concentration data in children and adults and
compiled according to type of agent, clearance pathway, or receptor (Ginsberg et al. 2002).
Since these data come from a clinical setting in which the health of the studied subjects was
impaired, and the characteristics of the treatment group may be similar, the data may not
be representative of the general public. However, the researchers note the similarity of pat-
terns of metabolizing-enzyme ontogeny in the databases and in vitro liver-bank specimens,
suggesting that results from pharmaceutical studies may be generalizable.

e Interindividual variability—PD Dimension. From a database for 97 groups, Hat-
tis et al. (2002) and Hattis and Lynch (2007) derived estimates of PD variability in (1) the
chemical’s reaching the target site after systemic absorption; (2) parameter change per deliv-
ered dose, the dose-response relationship at the active site (for example, beta-2-microglobulin
spillage into urine in relation to urinary cadmium concentration); and (3) functional reserve,

4AUC is the area under the concentration-time curve that displays the complete time course of a chemical in a
particular body compartment. AUC is sometimes used to represent the total dose in that compartment integrated
over time.

3C,.x i the maximum concentration of a chemical attained in a particular compartment after dosing.
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BOX 5-3 Calculating a Risk-Specific Dose and
Confidence Bound in Conceptual Model 2

I. Derivation of Human POD

Human POD = (Animal POD)/Fy i, pop adjust = (Animal POD)/(F 4 x Fee ¢ X Fgap)
log (Human POD) = (log Animal POD) — (log F_,;, + log Fgc ¢ + 10g Fgyp)

2 — 52 2 2 2 2
O “log F Human POD = O “log F Animal POD T © “log FAsH T O “log F scC~ t O “log F Gap

Assume:

Data gap is inconsequential:
FGap =1, Olog F Gap = 0

Subchronic-to-chronic per Hattis et al. 2002:
50th percentile for Fgc o =2, 6 og F 5cc = l0g [2.17] = 0.34

Animal to human adjustment per Hattis et al. (2002) for sodium azide:
50th percentile for F,_,;, 3.85, 95% upper bound 18.5, thus o |, ,y = 109(18.5/3.85)/1.645 =
0.42 (Division by the 95% confidence bound is 1.645 standard deviations from the median in the
standard normal distribution.)

Variability in animal POD:
lower 95% bound 2-fold difference from median; thus 6,na pop = 109(2)/1.645 = 0.18
= Overall variability in human POD: 6 2, . pop = 0.342 + 0.182 + 0.422= 0.32 = 0.572

For animal POD (EDg) of 1 mg/kg-d:
Human median POD (EDjg) = 1/(F5_,;Fsc_,cFgap) = 1/(2 x 3.85 x 1) = 0.13 mg/kg-d

Lower 95% confidence bound on human POD
= (median Human POD)/10l(1.645)(clogHuman POD)] — (,13/10Ql(1-645)(0-57)] = 0.015 mg/kg-d

1. Derivation of Risk-Specific Dose

Interindividual PK/PD variability (assume Hattis et al. 2002 distribution):
Oi,qn = 0.476 (This estimate also is uncertain, with geometric standard deviation of 1.45)
The 10-® individual is 4.25 standard deviations from the estimated human ED:
10[(4.25)(0.476)] — 105

Median human dose with 1075 risk:
(Median POD)/105 = 0.13/105 = 0.0012 mg/kg-d
Lower 95% bound on human dose with 10-5 risk: 0.006 pg/kg-d (This is calculated using a Monte
Carlo procedure. It takes into account oman pop @Nd the uncertainty in c;,,,.)

a factor inherent in many of the PD datasets but of which direct measurements in humans
were not available. Hattis et al. (2002) took the first listed component as a component of PD
rather than PK variability because it was related to reaching a specific organ, cell type, or
subcellular constituent that is not typically addressed in physiologically-based pharmaco-
kinetic models. The human interindividual variabilities derived for those components were
combined to estimate the overall interhuman PD variability.

e Owerall distribution for human interindividual variability. For the example here,
overall human interindividual variability is described by a lognormal distribution with me-
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dian of 1 and logarithmic (base 10) standard deviation o, ;. Hattis et al. (2002) derived such
a distribution for both PK and PD components from data %or general systemic toxic effects on
different agents, with a geometric standard deviation of 2.99 (0}, = 0.476; 100476 = 2.99),

indicating the median and upper 98th percentile human differ in sensitivity by a factor of
9. Human variability in response is chemical dependent. For some chemicals the difference
between the median and 98th percentile is greater than a factor of 9, for others it will be
less. Hattis and Lynch (2007) also describe the uncertainty in the variability estimate. The
estimate of 0.476 for 6,4, has its own geometric standard deviation of 1.45. Because these
characterizations of Varlablhty are limited by the relatively small numbers upon which the
estimates are based, this uncertainty estimate may have a downward bias.

Calculation of Risk-Specific Dose and Confidence Bound

A distribution of human variability can be applied to move from the human POD down
the dose-response curve, as illustrated in the set of calculations in Box 5-3. These calculations
illustrate a generic case with an animal median ED, value of 1 mg/kg-day.

In Box 5-3, as done by Hattis et al. (2002) and (Evans et al. 2001), the ED;, was chosen
as the POD. Because the EDg, is at the center of the animal dose-response curve, there is
less uncertainty in its measurement, and it is not as heavily influenced by interanimal vari-
ability as a response at the tail of the distribution might be. In addition, in many animal
experimental datasets, the EDy is not likely to be as influenced by the dose-response model
selected to analyze the data relative to other effect levels. But there are other factors, such
as intra-individual variability and the extent that this may play a role in the dose-response
relationship. Any implementation of this approach by EPA would have to develop a process
for selecting the POD for risk extrapolation for nonlinear end points.

Interhuman PK and PD distributions would ideally be derived with chemical-specific data
on the differences possible among human populations. However, this type of information
is usually lacking. Therefore, generic distributions based on surrogate chemicals and end
points will be needed. Specific distributions for related chemicals and end points of interest
may be possible. The first tier of a default distribution may be one built on a broad array
of structurally dissimilar chemicals tested in different types of systems (from in vitro to in
vivo) for different end points. The Hattis et al. (2002) effort to collect and analyze mostly
clinical human data is a good initial effort at characterizing human PD variability. However,
an important consideration with regard to this and related exercises is whether they fully
capture PD variability, given the limited array of data studied. Data on small numbers of
people may be a useful beginning but provide little information on overall interhuman vari-
ability. Even when multiple studies are combined so that data on greater numbers of people
are tabulated, they still might not capture the broad spectrum of PD variability caused by
differences in age, genetics, diet, health status, medications, and exposure to other agents.

Greater relevance may be achieved by applying PD variability information on prototypi-
cal chemicals in the same class as the chemical of interest. When there is a much larger and
substantial database on one particular toxicant in a structural series, there is the potential
to apply the information to others in the series on the basis of relative-potency approaches,
as described in Chapter 6. A similar analogy may also be useful for assessing interhuman
PD variability if the toxicity end points of the prototype and of the chemical of interest
match well. For example, human variability in the renal response to cadmium, as assessed
on the basis of beta-2-microglobulin leakage, may be relevant to other heavy metals, such
as mercury and uranium, that can also damage the kidney (Kobayashi et al. 2006). An-
other possibility is that the degree of interhuman variability can be gleaned from studies of
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environmental mixtures to which populations are exposed. Biomarkers of exposure—such
as urinary 1-hydroxypyrene, a marker of exposure to polycyclic aromatic hydrocarbons
(PAHs)—can be related to biomarkers of effective internal dose (such as bulky DNA adducts
and urine mutagenicity) and effect (such as chromosomal damage in peripheral lymphocytes).
Evaluations of such markers in coke-oven workers, bus drivers, and the general population
ingesting charcoal-broiled meat or inhaling cigarette smoke provide a database from which
interindividual variability in response to carcinogenic PAHs may be deduced (Santella et al.
1993; Kang et al. 1995; Autrup et al. 1999; Siwinska et al. 2004).

Thus, the data gap represented by interhuman PD variability presents a critical research
need that can be approached by mining the existing epidemiology literature and by designing
new studies in which biomarkers of exposure and effect are used to describe variability in
sensitivity to health outcomes in similarly exposed people.

There are likely to be a number of cases in which the approach illustrated above can be
used to derive an RfD. Sometimes, however, there will be a well-defined sensitive subgroup.
The RD for the pesticide alachlor is based on hemolytic anemia in dogs (EPA 1993); the
background incidence of hemolytic anemia in humans is generally very low except in ethnic
groups in which, because of inherited traits (such as glucose-6-phosphate dehydrogenase
deficiency), the risk is higher (Sackey 1999). In cases like this one, an analysis focusing on
describing risks to the sensitive subgroups would be needed (see Figure 5-12).

Conceptual Model 3:
Low-Dose Linear Individual and Population Dose-Response Relationship

Here linear dose-response processes govern the dose-response relationship for indi-
viduals, as may occur for cancer and other complex toxic processes, and consequently the
population dose response relationship is low-dose linear. This is unlike the previous two
conceptual models, which described population dose-response distributions that arise when
the dose-response relationship in an individual has a threshold. A possible approach to
default analysis following this conceptual model is presented below. It emphasizes proba-
bilistic descriptions of the uncertainty in the dose-response relationship and descriptions of
variability among individuals exposed to the same dose.

Approach

This approach to dose-response analysis begins, as do the other examples above, with the
derivation of the human POD distribution. When derived from animal data, the human POD
is based on the animal POD and distributions of adjustment factor, such as for interspecies
differences and study duration less than a lifetime. Here, the POD is taken from a model fitted
at a dose in the lower end of the observable response range, and does not use an ED,. Risk
at lower dose than this POD for the median person is estimated by linear extrapolation, that
is, risk is assumed to decrease linearly with dose below the POD. However, as illustrated in
Chapter 4 (Table 4-1), people exposed to the same dose will differ in risk. Estimates of the
spectrum of individual risks at a given dose can be based on a distribution that describes
interhuman variability. The individual dose-response relationships allow the calculation of
the population dose-response curve. This approach to dose-response assessment is illustrated
in Figure 5-17 and through the case study for 4-aminobiphenyl.
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Implications of the Approach

Functionally, the approach would change dose-response characterizations for low-dose
linear carcinogens in two basic ways. First, there would be an explicit characterization of
uncertainty in the human POD that accounted for uncertainty in the cross-species extrapola-
tion and the statistical fit to the dose-response data. EPA could choose to report particular
percentile values, such as the upper 95th percentile. EPA could describe the population
excess cancer risk associated with dose D as the plausible upper bound of the excess risk,
taking into account uncertainty in the population dose-response relationship and variability
in the individual dose-response relationship. The excess-risk estimate for a person whose
susceptibility puts him or her at the 95th or some other percentile of the population could
also be separately reported.

Second, when the underlying variability distributions are right-skewed, as in the case
of the lognormal distribution, the population risk estimate emerging from the analysis will
be greater than the estimate for the median individual. The mean or “expected value” will
exceed the median value by some amount that depends on the assumed shape of the distri-
bution of interindividual variability in susceptibility.

Recommended Default for Interindividual Variability in Cancer Susceptibility

An assumption that the distribution is lognormal is reasonable, as is an assumption of a
difference of a factor of 10-50 between median and upper 95th percentile people, as indicated
by the series of examples provided in Chapter 4. It is clear that the difference is significantly
greater than a factor of 1, the current implicit assumption in cancer risk assessment. In the
absence of further research leading to more accurate distributional values or chemical-spe-
cific information, the committee recommends that EPA adopt a default distribution or fixed
adjustment value for use in cancer risk assessment. A factor of 25 would be a reasonable
default value to assume as a ratio between the median and upper 95th percentile persons’
cancer sensitivity for the low-dose linear case, as would be a default lognormal distribu-
tion. A factor of twenty-five could be interpreted as a factor of 10 for pharmacokinetic
variability, and a factor of 2.5 for pharmacodynamic variability. For some chemicals, as in
the 4-aminobiphenyl case study below, variability due to interindividual PK differences can
be greater. In a cancer process, with long latency and multiple determinants, PD variability
could be considerably greater than the suggested default. PD differences would include the
various degrees among people in DNA repair and misrepair, surveillance of mutated cells,
and accumulation of additional mutations and other factors involved in progression to
malignancy.

A common assumption for noncancer end points is an overall factor of 10 to account
for interindividual variability—3.2 or 4 uncertainty factor for PK differences and 3.2 or
2.5 for PD differences (EPA 2002a; IPCS 2005). For genotoxic metabolically activated car-
cinogens, Hattis and Barlow (1996), considering activation, detoxification and DNA repair
alone, found greater PK variability with individuals at the median and the 95th percentile
differing by a factor of 10. The factor was a central estimate, some chemicals exhibited
greater and others lesser PK variability. In the 4-aminobiphenyl case discussed below, ad-
ditional physiologic factors such as storage in the bladder contributed to human variability
in PK elements.

The suggested default of 25 will have the effect of increasing the population risk (average
risk) relative to the median person’s risk by a factor of 6.8: For a lognormal distribution, the
mean to median ratio is equal to exp(6%/2). When the 95th percentile to median ratio is 25,
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G is 1.96 [=In(25)/1.645], and the mean exceeds the median by a factor of 6.8. If the risk to
the median human were estimated to be 10, and a population of one-million persons were
exposed, the expected number of cases of cancer would be 6.8 rather than 1.0.

Thus under this new default, the value for the median person would remain as provided
by the current approach to cancer risk assessment; for a default of a factor of 25, the average
would be higher by a factor of 6.8. It would be important for the cancer risk assessment to
express interindividual variability by showing the median and average population risks, as
well as the range of individual risks for risk-management consideration.

Case Study: 4-Aminobiphenyl

4-Aminobiphenyl is a known cause of human bladder cancer. It was once used as a
dye intermediate and rubber antioxidant, but its use was curtailed after findings of bladder
cancer in substantial numbers of workers. Current exposures are due mostly to cigarette-
smoking, which increases bladder-cancer risk by 2-10 times. The compound binds to bladder
DNA and is mutagenic in a variety of test systems, including human cell culture. It has the
hallmarks of low-dose linearity and is implicated as a cause of bladder cancer in smokers
exposed to relatively low doses and quite recently in female never-smokers in Los Angeles
County exposed to environmental tobacco smoke (Jiang et al. 2007). The compound has
been extensively studied and found to have marked interindividual differences in activation
and detoxification, and higher risk has been observed in slow acetylators, who detoxify it
less efficiently (Gu et al. 20035, Inatomi et al. 1999). It is presented to illustrate how human
interindividual variability can be addressed in dose-response assessment when reasonably
high-quality data are available.

Estimating Variability in Human Susceptibility to 4-Aminobiphenyl

Bois et al. (1995) modeled interindividual heterogeneity in human cancer risk using data
on differences among humans in their PK and physiologic handling of 4-aminobiphenyl.
Briefly, the compound is thought to be activated via N-hydroxylation by CYP1A2, although
recently other enzymes have also been found to be involved (Tsuneoka et al. 2003; Nakajima
et al. 2006). A major detoxification pathway is N-acetylation. To simulate interindividual
variability in pharmacokinetics, parameters describing the absorption, distribution, activa-
tion, detoxification, and urinary excretion were varied according to human ranges found in
the literature. Distributions of the formation of the proximate carcinogen and its binding to
urinary-bladder DNA were simulated. The latter can be used to describe possible differences
in susceptibility due to physiologic and PK factors and is shown in Figure 5-18.

The DNA-binding distribution accounts for human differences only up to the point of
binding and does not address PD differences. The DNA-binding distribution therefore can
be considered an undercharacterization of overall human variability. The upper and lower
bounds for the PK-based distributions shown in Figure 5-18 differed from the geometric
mean by factors of 16 and 26, respectively. The distribution of human interindividual vari-
ability would be greater than indicated by the PK-based distributions because of PD differ-
ences among people.

For the 4-aminobiphenyl case study an estimate of interindividual variability of a range
of 50 (ratio of 95th percentile to median person) is assumed for the purposes of illustrating
the incorporation of variability into cancer dose-response modeling. It reflects the factor of
roughly 20-30 between median and upper 95th percentile individual sensitivity in pharma-
cokinetics and a modest factor for variability factors pertinent to PD differences in carci-
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FIGURE 5-18 A, AUC for proximate carcinogen in bladder in units of nanograms-minutes simulated
for 500 people. B, simulated fraction bound in bladder, presumed to indicate differences in susceptibil-
ity due to PK and physiologic parameters. Upper 95% confidence limit is factor of 16 above geometric
mean of 0.0034 and factor of 26 above lower confidence limit. Source: Bois et al. 1995. Reprinted
with permission; copyright 1995, Risk Analysis.

nogenesis. As noted above, this may be an underestimate, the range of 50, assumed in the
calculations for this case study, corresponds to a geometric standard deviation of 10.8 and
a standard deviation in natural log space of 2.38 (6,,;;), and in base 10 log space of 1.03.

Derivation of Median Human POD and Slope for 4-Aminobiphenyl

Despite the known causal association between human bladder-cancer risk and 4-ami-
nobiphenyl, human exposure estimates in occupational studies may be insufficient for
establishing reliable dose-response relationships, and the assessment may have to be based
on animal data, as is done here. Fitting dose-response models to a sensitive site observed
in the animals—liver tumors in female mice exposed by gavage—results in an ED,, of 0.1
mg/kg-d with a lower 95% confidence bound of 0.070 mg/kg-d. That corresponds roughly
t0 a Gy, pnimal pop Of 0.09, assuming a lognormal uncertainty distribution. For cross-species
extrapoglation to adjust the animal POD to the human POD, doses are assumed to have
equal effectiveness if the human dose is reduced consistently with three-fourths bodyweight
scaling. As described above, data are available on acute and subacute toxicity in different
species. Hattis et al. (2002) derived an uncertainty estimate of 0.416 for 6., ,;; from those
data, and also found that an additional small factor slightly increasing the uncertainty esti-
mate was merited. However, for cancer end points, which result from more protracted and
complex biologic processes, that value can be presumed to substantially understate the actual
uncertainty. Nonetheless, it is adopted for the illustrative example here with the recognition
that the estimate may be low. The median estimate for cross-adjustment scaling would be
7.3 [that is, (70/0.025)(1-0.75) "assuming bodyweights of 70 kg and 0.025 kg for humans and
mice, respectively]. Thus, the median human POD would be 0.014 mg/kg-d (0.1/7.3), and
the slope of the dose-response curve at the POD would be 7.5 (mg/kg-d)! [-In(0.9)/0.014].
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The confidence interval would take into account uncertainty resulting from fitting the dose-
response model to the data, the cross-species extrapolation, and other factors. For the sake
of illustration, the first two factors are accounted for here, and the resulting 6, .. vop 15 0.43
[(0.092 + 0.42%)1/2], reflecting a lower 95% bound on the median human POD of 0.003 mg/
kg-d (0.014/101-6450 = (0.014/5.1) and an upper 95% bound of 38 (mg/kg-d)! [(7.5)(5.1)].

Derivation of Individual and Population Dose-Response Relationships for
4-Aminobiphenyl

On the basis of the interindividual variability estimate noted above, the population and
individual percentile dose-response relationships can be estimated with the uncertainty esti-
mates for those functions. The slope of the population dose-response curve can be calculated
from the risk, averaged among individuals, at a given dose. For a lognormally distributed
variable, the derivation of the mean, 1, from the median involves a simple calculation [u =
(median)(exp{62/2}), where G is expressed in base e units and “exp{c2/2}” represents base e
to the power {6%/2}]; for this case, with the human interindividual variability estimate, G,
= 2.38, the mean potency is 126 (mg/kg-d)™ [(7.5)(exp{2.38 2/2}) = (7.5)(16.9)]. At low
doses, population risk is calculated by multiplying the population potency by the dose. The
uncertainty bound on this estimate is derived by considering the uncertainty in the adjust-
ment factors and in the model fit at the POD.

At low doses, the risk for the 95th percentile person is given by multiplying the dose
by 376 (mg/kg-d)™ [376 = (7.5)(50)], and the dose associated with a 10- risk for the 95th
percentile sensitive person would be 3 pg/kg (that is, [14 pg/kg]/50). The uncertainty bounds
around this dose estimate would be given by the human POD distribution, represented by
Ghumanpop- 1he lower confidence bound on the estimate for this person would be deter-
mined by ¢ as described above (for example, the 95% lower bound would be [(3 pg/kg-
d)/101-645chuman POD _ () 6 ng/kg-d]). This example does not capture all sources of uncertainty
and is provided only to illustrate an approach.

Mathematical Framework for Conceptual Model 3

Human low-dose risk® from a given dose D of toxicant could be expressed as
Risky; = SlopeD = (SlopepypFpy_a)D- (1)

Risky; here is the incremental increase in risk above background, also called “extra risk.”
In current practice, Slopegyp, is the slope” of the dose-response curve at the BMD. The
cross-species factor, Fy; 4, adjusts for differences in effect in humans compared with animals
exposed to the same dose and is usually greater than 1. As discussed above, F,; , is typically
expressed as two factors: one to account for human-animal differences in pharmacokinet-

°If a quantal linear-regression model is fitted and the risk over the dose-response range (m,) can be given by 7,
=1 - exp(-B, — B, D). Extra risk (ER) can be defined as: ER(D) = (n, — m,)/(1 — m,). This model reduces to ER(D)
=1 — exp(-B,D). For a specified benchmark response (BMR), the BMD is defined in this model as BMD = -In(1
— BMR)/B,. When the relationship between extra risk and dose is quadratic, T, = 1 — exp(-B, - B;D - B,D?).

7The Slopepyp, could be defined as the slope of the line tangent to the ER(D) curve at D = BMD, that is, Slo-
pepvp = ER(BMD) = d/dD[ER(D)] evaluated at D = BMD. For ER(D) defined in the context of a quantal linear
model, this reduces to Slopeg,,;, = ER’(BMD) = B,exp(-B,;BMD) evaluated at the estimated BMD. For simplicity
and transparency, however, the following approximation can be used: Slopeg,,, = BMR/BMD, which corresponds
to the slope of the line connecting (BMD, BMR) and (0,0).
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ics and the other to account for human-animal differences in pharmacodynamics (F , =
Fiia pkFria pp)- It is @ means of converting the animal slope (for example, in [mg/kg-d]')
to a human slope and can be thought of as going from the median animal to the median
human. In cases in which cross-species differences in pharmacokinetics were used to derive
the Slopegyp, Fyy.a would be represented by Fyy , pp-

Each factor in Equation 1 may represent a model, a single number, or a distribution,
depending on the nature of the data and the goal of the analysis. Variability in exposure could
also be incorporated through some distribution of exposures (for example, as D ~ Gp()).
Uncertainty in dose extrapolation or in the animal-human extrapolation could be addressed
by Fy; 4 as distributions (for example, F;; , ~ Gy 4()). It is important to distinguish variability
in risk among individuals—that is, the difference in risk from individual to individual—from
uncertainty, which describes our lack of knowledge of the risk. The goal here is to enable
such expressions as “The risk of effect does not exceed x for the yth percentile individual,
stated with a confidence interval of z1- 22.” The 4-aminobiphenyl case provided an example
of how that might be done.

In some cases, as a default, it may be convenient and appropriate to describe uncertainty
in Risk;; mathematically with a lognormal distribution, for example, if the uncertainty in
each factor in Equation 1 can be represented by a lognormal distribution. In this case, Equa-
tion 1 may be re-expressed as

Log Risk = log Slopeg,,, + log Fy; 4 + log D.
For this simplistic case,

2 2 2 2
O = Oje51.0PE” T Ologk~ t Ologd ™ (2)

To the extent that 6, ., represents differences in exposure rather than uncertainty, it
would not be incorporatedg as above but tracked separately to be combined with the human
susceptibility distributions described below. The 4-aminobiphenyl case illustrates how vari-
ability in PK factors may lead to considerably greater risks in some people than others and
how this might be taken into account quantitatively. Formally introducing human PD vari-
ability into mathematical descriptions is more challenging, and in the case example below a
default distribution is assumed. The risk for the yth percentile person may be described by

Risky, yth = SlopegyipFraDVy yth > (3)

where Vi is the yth quantile of the distribution that describes the ratio of the yth percen-
tile person to the median person. If the uncertainty in Vi, and the other elements of the
uncertainty are described by a lognormal distribution, the overall uncertainty represented
by 62 would be described by adding a term.

Oogv’s to the terms given in Equation 2.

Multiple Dose Dependent Modes of Action

The most recent EPA (2001c) dose-response assessment for chloroform, the drinking-
water disinfection byproduct, assumed that sustained or repeated cytotoxicity followed by
regenerative hyperplasia was probably the cause of kidney and liver cancer observed in
rodent bioassays. A margin-of-exposure (MOE) approach was recommended for the evalua-
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tion of carcinogenic exposures to the compound. However, the EPASAB (2000, p. 12) noted
there is “some possibility that genotoxicity could contribute to the dose-response at low
doses” for the observed kidney tumors and called for the agency to address the general issue
of mixed modes of action by “beginning to develop a reasonable means of estimating the
most likely and upper bound estimate of potential contribution of a ‘genotoxic’ component
to the carcinogenic activity.”

Dose-response analysis of chemicals whose end points are associated with multiple
MOAEs is challenging. The EPA (2005b) Guidelines for Carcinogen Risk Assessment state
(p. 3-22) that

if there are multiple modes of action at a single tumor site, one linear and another nonlin-
ear, then both approaches are used to decouple and consider the respective contributions of
each mode of action in different dose ranges. For example, an agent can act predominantly
through cytotoxicity at high doses and through mutagenicity at lower doses where cytotoxic-
ity does not occur. Modeling to a low response level can be useful for estimating the response
at doses where the high-dose mode of action would be less important.

Although that may have been the case for chloroform, the agency decided to take a low-
dose nonlinear approach to characterize the risks associated with the chemical, and applied
noncancer RfD methodology. In cases like that of chloroform, the slope at high doses would
not give a good indication of the low-dose slope. For cases with low-dose linearity in an
individual’s response in which the high-dose response may be significantly influenced by a
nonlinear MOA neither conceptual model 2 nor projection of low-dose risk from a high-dose
BMD is satisfactory. In such cases an alternative default approach is suggested.

At low doses, the linear MOA can be expected to dominate. A modifying factor, M,
could account for the change in slope. The adjustment factor would be based on mechanistic
understanding. In this case risk (that is, “extra risk” as defined above) would be given by

Risky; = [Slopey]D = [SlopegypnMcFy 41D, 4)

where the terms Slopepyp, Fiy 4, and D are as defined above for Equation 1, with Slopeg,,p,
estimated as described above.

For cases like 4-aminobiphenyl, My would have a value of 1. For cases like chloroform,
it would have a value less than 1 and would probably be the subject of controversy and
debate. Nonetheless. this M, provides a vehicle for addressing potential low-dose linearity
in cases in which there is strong evidence that the slope observed at high doses overpredicts
the low-dose slope.

M would serve the same purpose as the “dose and dose-rate effectiveness factor” adopted
to adjust the slope of the dose-response curve observed at relatively high doses to predict
radiation risk at low doses (ICRP 1991; EPA 1998; NRC 1998b; ICRP 2006; NRC 2006¢;
Wrixon 2008). Multiple mechanisms of toxicity may exist for a single agent, some of these
mechanisms may have nonlinear-dose-response characteristics, or so-called dose-dependent
transitions (Slikker et al. 2004). In considering values for M, any dose-dependent transitions
would be considered in the context of background exposures and disease processes affecting
these toxicity mechanisms. The selection of M would be a science policy call.

IMPLEMENTATION

The committee recognizes that the unified framework introduces additional needs for
data and analyses into the risk-assessment process. The data and analyses may take time to
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develop, and development of an implementation strategy will be important. The commit-
tee notes that the framework can be implemented in the short term by establishing default
distributions. For noncancer end points, the defaults will enable a probabilistic basis of es-
tablishing the RfD and characterizing noncancer risks; for cancer-risk characterization, they
will enable incorporation of interhuman variability. Use of default distributions for adjust-
ments in extrapolations, rather than default point-estimate uncertainty factors, provides an
improved representation of variability and uncertainty and offers an opportunity for further
refinements and incentives to gather and analyze existing information and to generate new
data targeted to specific extrapolation needs. As experience accrues, guidelines will also be
important to aid in the application of the defaults and to ensure consistency in the imple-
mentation of the framework. In the development of guidelines, the committee encourages
attentiveness to issues regarding the use of defaults addressed in Chapter 6 and has concerns
about the approach taken to ascertain a mutagenic MOA for genotoxic carcinogens (see
discussion in the Mode-of-Action Assessment section above) in application of the guidelines
to address early-life sensitivity to cancer (EPA 2005c). The committee has illustrated the ideas
advocated in this chapter with conceptual models and example calculations. Assumptions
and simplifications are used to make the examples tractable and clear, not to prescribe any
particular approach or value.

Table 5-1 summarizes major aspects of the unified framework in terms of data needs,
potential utility of defaults as interim placeholders for better-researched and better-defined
distributions, and implementation. A number of other sources of uncertainty and variability
that often arise in dose-response assessment are not peculiar to the proposed unified frame-
work and so are not addressed in the table; some of these issues and their associated default
approaches are described in Chapter 6.

An implementation plan can be devised to phase in the unified framework. Some con-
siderations and suggestions for developing the plan are presented in Table 5-1. Default
distributions can initially be based on datasets that can be augmented with adjustments or
other distributional assumptions to account for inferences that generalize from small num-
bers of people, of chemical case studies, and of end points to large populations, numbers
of chemicals, and numbers of effects. As more data are collected and variability is better
understood, the uncertainty portion of the default distribution may decrease. Emerging
technologies, such as toxicogenomics and high-throughput assays, will highlight pathways
that are at the crossroads of disease causation and toxicant action and will assist in the
incorporation of background additivity and variability components. The implementation
plan should be associated with a research agenda that will, over time, enable refinement of
distributional approaches to dose-response assessment. Finally, EPA guidance will clearly be
needed in order to implement the unified framework, including conduct of the background
exposure and vulnerability assessments, departure from the linear default, establishment of
distributions for the analysis, model selection, and so on. The development and roll out of
guidelines and policies will be an essential component of any implementation plan, as well
as ample opportunity for stakeholder involvement, scientific peer review and mid-course
correction to address false starts and mis-steps.
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TABLE 5-1 Potential Approaches to Establish Defaults to Implement the Unified
Framework for Dose-Response Assessment

Analytic Step

Data Need

Testing and
Implementation
Issues

Potential Approach for
Establishing Defaults in the
Near Term

Cross-species
extrapolation

Interindividual
PK variability in
humans

Interindividual
PD variability in
humans

Relative sensitivity to
toxicants, comparing
rodent with human

PK differences
among life stages,
disease states, genetic
polymorphisms, drug
interactions

PD differences in
population with
respect to various
types of end points,
including cancer

Moving from default
point estimate to
distribution adds
complexity and
encounters data
limitations; literature
on acute and subacute
effects and direct-
acting drugs is used
mostly in comparisons,
and small numbers of
people studied may not
be representative of
human population

PK datasets on
susceptible groups
(such as children) are
difficult to obtain;
default may have to
be based primarily on
drug literature, which
is also limited

Human PD response is
likely to vary widely,
especially in groups
that are difficult

to study (such as
children, elderly);

it is unclear how to
consider and integrate
clinical, precursor,
and other upstream
end points and how to
separate PK from PD
variability

Base default distribution on wide
sample of drugs and toxicants
for which there are data on
rodents and humans (drug

trials, clinical toxicologic and
epidemiologic studies) for similar
end points and on adjustments
to address data gaps; look

to specify distributions to
particular classes of chemicals
and comparisons of particular
rodents (mouse vs rat vs
hamster) with humans; consider
using bodyweight scaling for

PK portion of extrapolation if
overall distribution covering

PK and PD cannot be derived;
develop default distribution

to describe uncertainty in
bodyweight scaling

Derive default distribution of
PK variability based on analogy
with drug literature and, to
extent possible, made spceific
to particular enzyme pathways,
types of receptors, and classes
of chemicals; use PBPK Bayesian
and Monte Carlo approaches
to evaluate implications of
variability in enzyme pathways
for overall PK variability;
consider adjustments to address
small samples and other biases
in derivation

Base default distribution on
broad array of human responses,
chemicals, and end points from
drug testing and high-quality
epidemiologic studies; use
information on background
exposures and vulnerabilities

to develop default; develop
distributions specific to chemical
classes, end points (such as
cancer, endocrine, and acute
toxicity), and humans to extent
possible; consider adjustments to
address small samples and other
biases in derivation
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TABLE 5-1 Continued

Analytic Step

Data Need

Testing and
Implementation
Issues

Potential Approach for
Establishing Defaults in the
Near Term

Background
exposures

Background
vulnerability!

Low-dose
extrapolation
defaults

Low-dose linear
slope factor—M
adjustment

Low-dose interaction
studies for chemicals
with similar MOA

Sensitive epidemiologic
and mechanistic studies
relating chemical
exposures and disease
processes; biomonitoring
data

MOA information
defining chemical effect
at target and interaction
with background pro-
cesses

Dose-response data
over wide dose ranges
in human and animal
studies and related
mechanistic data

Human population has
numerous background
exposures; MOAs are
difficult to define;
when they are defined,
interaction with other
chemicals can be
difficult to predict

at different doses

and dose ratios and

in different species,
ages, and organs;
mechanistic and
interaction data are
limited

Human population has
numerous degenerative
and disease processes;

it is difficult to sort
relevance to particular
MOA; data on chemical-
disease interaction are
insufficient

It is difficult to obtain
low-dose data in relevant
test systems; chemicals
can have mixed MOAs;
different models can fit
high-dose data equally
but differ at low dose

Data from epidemiologic
and toxicologic studies
are limited; there is

need to know how to
use biologic models in
considering mechanistic
data

Develop guidance to judge
whether background exposures
(and vulnerability) are
sufficiently unimportant to reject
linearity at low doses; when

it is rejected, use probabilistic
approach to develop RfD, using
interindividual variability and
other distributions

Establish guidance to judge wheth-
er background vulnerability, condi-
tions, and exposures are sufficiently
unimportant to reject linearity at
low doses; when it is rejected, use
probabilistic approach to develop
RfD, using interindividual variabil-
ity and other distributions

Continue assumption that carcino-
gens have low-dose linear response
unless sufficient data support other
approaches; develop guidance for
noncancer low-dose response and
linear extrapolation due to back-
ground additivity and vulnerability
(conceptual model 1); formally
adopt assumption that genotoxic
chemicals (clastogens, mutagens)
cause cancer via a mutagenic MOA

Develop series of default M factors
based on mechanistic consider-
ations and human and animal
observations to apply in differ-

ent situations (such as saturation
phenomena or high-dose cytotoxic-
ity that influences carcinogenicity
of chemicals with some genotoxic
activity)

aSusceptibility to endogenous (for example, age, gender, genetics, pre-existing health deficits and disease) and
exogenous factors (exposure to agents) and due to variability in exposure.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This chapter reviews the current paradigm for characterizing the dose-response relation-
ships of compounds for both cancer and noncancer end points and supports the following
conclusions:

e Separation of cancer and noncancer outcomes in dose-response analysis is artificial
because noncancer end points can occur without a threshold or low-dose nonlinearity on
the population level and in some cases on the individual level. Similarly, the MOA for car-
cinogens varies and requires a flexible but consistent analytic framework. The separation
not only is scientifically unjustified but leads to undesirable risk-management outcomes,
including inadequate attention to noncancer end points, especially in benefit-cost analyses.

e The current formulation of the RfD is problematic because of its application as a
determinant of risk vs no risk of regulatory importance, and it lacks a quantitative descrip-
tion of the risk at different doses. It hinders risk-risk and risk-benefit comparisons and risk-
management decision-making and does not make the best possible use of available scientific
evidence.

e Cancer risk assessment typically lacks a quantitative description of interindividual
variability. That leads to an incomplete description of the range of risk possible in the
population. Noncancer risk assessment addresses interindividual variability, but cancer
risk assessment typically does not; this reflects the implicit default assumption that human
cancer susceptibility does not vary (see Chapters 4 and 6). The argument that the linear
dose-response extrapolation procedure covers the omission (EPA 2005b) is unsupported
and presents a separate consideration that should not be confused with the need to describe
risk differences among individuals in addition to high-dose-low-dose extrapolation. The ap-
proach adopted in the current carcinogen guidelines (EPA 2005b) that considers variability
only when a sensitive subpopulation can be identified for a particular chemical is limited by
a lack of chemical-specific data. It also ignores the appreciable scientific knowledge of human
interindividual variability in sensitivity (see, for example, Table 4-1), which can form the
basis of general assumptions regarding variability when chemical-specific data are absent.
The supplemental guidance regarding children (EPA 2005¢) is an important step in the right
direction, but variability in the general population should also be addressed.

e Uncertainty factors are generally used to make adjustments whose accuracy is
unknown. The uncertainty factors comprise elements of the adjustment for uncertainty
and variability. The default factors should be replaced with distributions that separate the
elements transparently. Default distributions that characterize PK and PD variability, cross-
species dose adjustments, and adjustments for the lack of sensitive studies will be needed as
starting points that can be improved as the research advances.

e The committee considers that the term safety factor, to characterize uncertainty fac-
tors in noncancer risk assessments, is inappropriate and misleading. The term uncertainty
factor is also inappropriate as it does not reflect the variability and adjustment elements that
the factor represents.

e  The underlying scientific and risk-management considerations point to the need for
unification of cancer and noncancer approaches in which chemicals are put into a common
analytic framework regardless of type of outcome. There are core differences among end
points, but in this analytic framework a dose corresponding to a specified increase in risk in
the population could be derived for both cancer and noncancer end points, and this would

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

178 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

add transparency and quantitative insight to risk-management decisions. Among other
changes, this would involve a redefinition of the RfD. The committee acknowledges that the
risk estimates and risk specific RfDs derived from this methodology will often be uncertain.
This would nonetheless be an improvement over the RfDs derived from the traditional BMD
and uncertainty factor approach. The results are more transparent, presenting variability
and uncertainty, and are more amenable to refinements as better data are obtained. Further,
quantification of risk (along with the attendant uncertainty) not only at the RfD but along
the dose continuum is an important advance for risk benefit analysis.

e The committee finds that a common analytic framework best reflects the underlying
science. The main elements of this framework are shown in Figure 5-8 and include

— Systematic assessments of the MOAs, vulnerable populations, and background
exposures and disease processes that may affect a chemical’s human dose-response relation-
ships and human vulnerability. This includes an evaluation of the potential background
exposures and processes (for example, damage and repair processes, disease, and aging) that
interact with a chemical’s MOAs and thus contribute to variability in and vulnerability to
the toxicant response and that can result in a population dose-response relationship that is
linear at low doses.

— Selection of a conceptual model for individual and population dose-response
relationships. The following three are described in the chapter:

i.  Low-dose nonlinear individual response, low-dose linear population re-
sponse with background dependence.

ii.  Low-dose nonlinear individual and population response independent of
background.

iii.  Low-dose linear individual and population response.

— Selection of a conceptual model and dose-response method that best reflects
MOA and background considerations and the form of risk characterization needed for risk
management. Where feasible, methods that result in quantitative descriptions of risk and
uncertainty should be selected.

e The key advantages of the framework are

— Risk descriptors that are quantitative and probabilistic. The RfD would be re-
defined as a risk-specific dose (for example, the dose associated with a 1 in 100,000 risk of
a particular end point), and the risk could be estimated at doses above and below the RfD.
This would allow all end points to be more formally incorporated into risk-tradeoffs and
benefit-cost analyses.

— Characterization of variability and uncertainty for critical end points. This would
address concerns about population heterogeneity in risk and inform value-of-information
and other priority-setting analyses that require quantitative uncertainty estimates. The
sources of variability and uncertainty and their quantitative contributions in the derivation
of risk estimates would be more transparent. This would in turn enable the quantitative
characterization of uncertainties in such benefits.

— A means to quantitatively describe health benefits from changes in exposure. This
would enable the direct comparisons of costs of these changes with the benefits accruing
from them.

— The basis for more flexibility in decision-making. The risk manager can use the
risk specific RfD in the same manner the current RfD is used in regulatory decision-mak-
ing. However, additional quantitative risk information can accompany the RfD, including
risk and uncertainty estimates above and below the RfD. This will enable a more robust
consideration of options and trade-offs in risk-risk and risk-benefit analyses.
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e The key disadvantages of the framework are

— The need for increased analysis to consider in detail the background factors that
may add to the exposure in question and that may contribute to variability. This can increase
the complexity of the analysis and pose a challenge for communicating the analysis and its
results. Training will be needed for both risk assessors and risk managers. The agency has
already included some elements of the framework in a few assessments (for example, EPA
2001b; EPA 2004), and explored other elements in case studies (for example, Axelrad et al.
2005; Woodruff et al. 2007). EPA laboratories also conduct research that is supportive of
the characterizations envisioned by the committee. Thus, EPA has internal capacity for the
development of these methods. Realizing full use will take further development and staff
training. The risk assessment community external to the agency provides several examples
that are cited above and is also a resource for developing further cases and expanding the
methodology. The agency also has considerable expertise translating risk information and
using it in decision-making. Approaches currently used in risk management may have to be
adapted to make full use of the new information and risk managers may need to be trained
on how to best use the new and different risk characterizations.

— Because of the limitations of data on which some elements of the framework
would be built, this necessarily entails development of defaults. Depending on the level of
analysis, that would provide incentives for chemical-specific information on background ex-
posures, interaction with baseline aging and disease processes, and interindividual variability.
It comes at a time when toxicology and risk-assessment resources are already challenged by
the expanding role of risk assessment in decision-making and the lack of basic toxicology
information on many chemicals. However, it also comes at a time of rapid scientific and
technologic innovation in the biologic sciences and testing that can be developed to support
novel and improved approaches (NRC 2006d, 2007a,b).

e Establishing reasonable and scientifically supported default approaches (such as
linear extrapolation to low dose for chemicals that are subject to background additivity) and
default distributions (such as interindividual variability) to implement the framework will
encourage research and a healthy discussion of the science that underpins risk assessment.
The resulting default approaches are part of the anticipated advances in the use of defaults
in risk assessment described in Chapter 6. The process of establishing the defaults will bring
about a better understanding of how chemical-specific information should be used to inform
toxicity assessment and low-dose extrapolation.

Recommendations

The committee has divided its recommendations on the unified framework into short-
and long- term recommendations. If the short term recommendations are implemented, the
committee envisions significant progress in the next 2-5 years. The time horizon for substan-
tial progress for the long term recommendations is further out, 10-20 years.

Short-Term Recommendations

e The committee recommends the phase-in of the unified framework for dose-response
assessment as new chemicals are assessed or old ones are reassessed for Integrated Risk In-
formation System or program offices or incorporated in comparative or cost-benefit analyses.
The initial test cases should be used as a proof of concept. The committee recommends a
flexible approach in which different conceptual models can be applied in the unified frame-
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work, as illustrated by the three conceptual models presented in this chapter. This approach
would involve

— Incorporation of probabilistic and distributional methods into dose-response
analysis for agents believed to have low-dose nonlinear responses and the later redefinition
of the RfD on the basis of the probabilistic description.

— Evaluation of each chemical in terms of MOA, background exposure and disease
processes, and vulnerable populations. This would add a step to the dose-response analysis
in which background exposures and vulnerabilities of the target population are analyzed
and used to decide between analytic options based on conceptual models, according to the
unified framework outlined in Figure 5-8.

— Incorporation of background additivity to account for

0  Additional sources of exposure to the same chemical or to similarly acting
chemicals (including endogenous sources).

0  Chemical MOA interaction with relevant disease or aging processes that
lead to a background vulnerability distribution.

— Development of defaults and guidance for assessing the MOA, background expo-
sure and disease processes, and vulnerable populations, and selection of conceptual model.
The committee recommends that cancer and noncancer responses be assumed to be linear
as a default. An alternative analytic option (conceptual model 2) is available for cases in
which it can be shown that background is unlikely to be an important contributor to risk,
according to the recommended evaluation of MOAs and background.

— Formal introduction of human variability into cancer dose-response modeling
and risk characterization. This will require chemical-specific distributions or the use of
default variability distributions. The committee recommends that as the distributions are
being developed, EPA use a default for interindividual variability that assumes a lognormal
distribution and immediately begin to explicitly address human variability in cancer response
estimates. A reasonable assumption would be that the 95% upper-bound person is about
10-50 times as sensitive as the median person.

e The committee recommends that EPA develop case studies to explore the use of the
new unified framework. The goal of the case studies would not be simply to compare the
results of the current approach and new framework. Rather, the case studies would be used to
explore and gain experience with the framework in the MOA, vulnerability, and background
assessments; using improved information on variability (for example, genetic polymorphisms,
disease, and aging-related vulnerabilities) and coexposures in RfD derivation; incorporating
variability into cancer risk analysis; and quantitative uncertainty characterizations of dose-
response relationships.

e The committee recommends that EPA gather information from epidemiology, the
pharmaceutical literature, and clinical toxicology and use it to develop default interhuman
variability PK and PD distributions. Some possible approaches are outlined in Table 5-1.

e The committee recommends that the agency develop default-adjustment distribu-
tions that quantitatively characterize the adjustments and key uncertainties typical in dose-
response assessment, including cross-species extrapolation in PK and PD and extrapolations
among dose route, dosing intervals (for example, subchronic to chronic), and data gaps. Some
possible approaches are outlined in Table 5-1. Maximum use of existing human datasets is
encouraged. Studies with well-defined exposure information, such as biomarker measure-
ments on individuals, could be examined to understand the heterogeneity in response. Such
datasets could be used to build variability distributions that may be applicable to sets of
chemicals (with similar structure, MOA, target sites, and effects) and increase understanding
of interhuman PD variability.
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e The agency should develop formal guidance for dose-response analysis under the
unified framework. For example, guidance will be needed for the conduct of background
vulnerability and exposure assessments, MOA evaluation, default dose-response modeling,
nondefault chemical specific analyses.

e  The committee recommends as default distributions are developed for the different
adjustments used in dose-response assessment, they should be assigned accurate labels (such
as human variability distribution). This should lessen the opportunity for transferring to the
new default distributions the misunderstanding commonly associated with use of the term
uncertainty factor.

e Over the next 5 years, the committee recommends that EPA further develop the is-
sue of vulnerability by gathering data and developing a broad array of human-vulnerability
information from the biomedical literature, focusing on diseases that are likely to interact
with the MOAs of prevalent-exposure and high-priority chemicals (for example, pulmonary,
cardiovascular, hepatic, and renal diseases and various cancers). This could involve working
with clinicians, biochemists, epidemiologists, and other biomedical specialists to develop
preclinical-disease biomarkers as upstream indicators of vulnerability to toxicant MOA:s.

Long-Term Recommendations

e The committee recommends that EPA expand its research on the issues of vulner-
ability and susceptibility. The agency could conduct studies itself and coordinate with other
agencies for more in-depth research on the determinants of vulnerability and the develop-
ment of approaches for more accurate consideration of vulnerability in agency assessments.
This could involve using epidemiologic studies to explore how the response to toxicants
may be affected by pre-existing diseases and vulnerabilities in the population. Biomark-
ers of vulnerability and effect could be developed for applications as predictive screens
in exposed populations. When analyzed with exposure biomarkers, they could be used to
assess human exposure-response relationships and interindividual variability. Regional and
national datasets, such as those from National Health and Nutrition Examination Surveys
and environmental and public-health tracking, could be used to evaluate whether people
with background vulnerability or background exposure are at increased risk of the effects
of exposure to toxicants. This work could lead to vulnerability distributions for use in dose-
response assessment. Pharmacogenetic and polymorphism probes could be incorporated into
epidemiologic studies to explore key interindividual susceptibility factors and their frequency
in the population. Animal models, such as genetically modified knockout mice, could be
used to define the functional importance of particular genes and their polymorphisms in
determining risk.

e The committee recommends computational research that applies systems-biology
techniques to analyze how -omics end points might inform the development of distributions
outlined in Table 5-1. For example, analyzing data from high-throughput screens with ge-
nomics end points may result in interpretable upstream indicators of disease vulnerability.
The biochemical processes that lead to pathologic conditions or functional loss could be
described by continuous parameters that may be suitable as disease biomarkers in the popu-
lation. These approaches could also provide interpretable biochemical end points reflective
of key steps in a toxicant’s MOA.

e The committee recommends exploration into interactions of exposures to chemicals
that have similar or different MOAs but affect the same toxicologic process. Such research
should improve understanding of issues related to background additivity. The research would
also affect approaches to mixtures and combined exposures and to the question of whether it
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is more appropriate to assume effect additivity (now assumed in noncancer risk assessment),
dose additivity, or some other characteristic in a given risk-assessment circumstance.
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Selection and Use of Defaults

As described in Chapter 2, the authors of the National Research Council report Risk
Assessment in the Federal Government: Managing the Process (NRC 1983), known as the
Red Book, recommended that federal agencies develop uniform inference guidelines for risk
assessment. The guidelines were to be developed to justify and select, from among available
options, the assumptions to be used for agency risk assessments. The Red Book commit-
tee recognized that distinguishing the available options on purely scientific grounds would
not be possible and that an element of what the committee referred to as risk-assessment
policy—often referred to later as science policy (NRC 1994)!—was needed to select the op-
tions for general use. The need for agencies to specify the options for general use was seen
by the committee as necessary to avoid manipulation of risk-assessment outcomes and to
ensure a high degree of consistency in the risk-assessment process.

The specific inference options that now appear in EPA’s risk-assessment guidelines, and
that permeate risk assessments performed under those guidelines, have come to be called
default options, or more simply defaults. The Red Book committee defined a default option
as the inference option “chosen on the basis of risk assessment policy that appears to be
the best choice in the absence of data to the contrary.” As the authors of Science and Judg-
ment in Risk Assessment (NRC 1994) observed, many of the key inference options selected
as defaults by EPA are based on relatively strong scientific foundations, although none can
be demonstrated to be “correct” for every toxic substance. Because generally applicable
defaults are necessary, the ultimate choice of defaults involves an element of policy. Since
1983, EPA has updated its set of defaults and has made strides in providing more detailed
explanations for the choice of defaults that emphasize their theoretical and evidentiary
foundations and the policy and administrative considerations that may have influenced the
choices (EPA 2004a).

1The Red Book committee did not use the phrase risk-assessment policy in the usual sense in which science
policy is used but far more narrowly to describe the policy elements of risk assessments. The committee distin-
guished between the policy considerations in risk assessment and those pertaining to risk management.
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The Red Book emphasized both the need for generically applicable defaults and the need
for flexibility in their application. Thus, the Red Book and Science and Judgment pointed
out that scientific data could shed light, in the case of specific substances, on one or more
of the information gaps in a risk assessment for which a generally applicable default had
been applied. The substance-specific data might reveal that a given default might be inap-
plicable because it is inconsistent with the data. The substance-specific data might not show
that the default had been ill chosen in the general sense but could show its inapplicability
in the specific circumstance. Thus, there arose the notion of substance-specific departures
from defaults based on substance-specific data. Much discourse and debate have attended
the question of how many data, and of what type, are necessary to justify such departures,
and the committee addresses the matter in this chapter. EPA recently altered its view on the
question of “departures from defaults,” and this chapter begins by examining this view in
relation to its central theme.

CURRENT ENVIRONMENTAL PROTECTION AGENCY POLICY ON DEFAULTS

The committee recognizes that defaults are among the most controversial aspects of risk
assessments. Because the committee considers that defaults will always be a necessary part
of the risk-assessment process, the committee examined EPA’s current policy on defaults,
beginning with an eye toward understanding its applications, its strengths and weaknesses,
and how the current system of defaults might be improved.

EPA began articulating a shift toward its current policy on defaults in the Risk Charac-
terization Handbook (EPA 2000a) when it stated,

For some common and important data gaps, Agency or program-specific risk assessment
guidance provides default assumptions or values. Risk assessors should carefully consider all
available data before deciding to rely on default assumptions. If defaults are used, the risk
assessment should reference the Agency guidance that explains the default assumptions or
values (p. 41).

EPA’s staff paper titled Risk Assessment Principles and Practices (EPA 2004a) reflected
a further shift in the agency’s practices on defaults:

EPA’s current practice is to examine all relevant and available data first when performing a
risk assessment. When the chemical- and/or site-specific data are unavailable (that is, when
there are data gaps) or insufficient to estimate parameters or resolve paradigms, EPA uses a
default assumption in order to continue with the risk assessment. Under this practice EPA
invokes defaults only after the data are determined to be not usable at that point in the as-
sessment—this is a different approach from choosing defaults first and then using data to
depart from them (p. 51).

EPA’s revised cancer guidelines (EPA 2005a) emphasize that the policy is consistent with
EPA’s mission and make clear that the general policy applies to cancer risk assessments:

As an increasing understanding of carcinogenesis is becoming available, these cancer guide-
lines adopt a view of default options that is consistent with EPA’s mission to protect human
health while adhering to the tenets of sound science. Rather than viewing default options as
the starting point from which departures may be justified by new scientific information, these
cancer guidelines view a critical analysis of all of the available information that is relevant
to assessing the carcinogenic risk as the starting point from which a default option may be
invoked if needed to address uncertainty or the absence of critical information (p. 1-7).

Those statements may reflect the agency’s current perspective on the primacy of scien-
tific data and analysis in its risk assessments; the agency commits to examining all relevant
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and available data before selecting defaults. The committee struggled with what the current
policy means in terms of both literal interpretation and application to the risk-assessment
process. The lack of clarity has the potential to lead to multiple interpretations. It raised
questions regarding the implications of the policy for risk decision-making. It is difficult to
argue with a more robust examination of available science, which the committee strongly
supports; however, the committee expressed concern that without clear guidelines on the
extent to which science should be evaluated, the open-ended approach could lead to delays
and undermine the credibility of defaults and the ultimate decision process. The committee
notes that the risk-characterization handbook (EPA 2000a) provides some statements regard-
ing the need to identify key data gaps and avoid delays in the risk-assessment process in the
planning and scoping phase, but it is concerned that such statements may not be adequate
to address complications resulting from the current policy:

Another discussion during the planning and scoping process concerns the identification of
key data gaps and thoughts about how to fill the information needs. For example, can you
fill the information needs in the near-term using existing data, in the mid-term by conducting
tests with currently available test methods to provide data on the agents(s) of interest, and
over the long-term to develop better, more realistic understandings of exposure and effects,
and to construct more realistic test methods to evaluate agents of concern? In keeping with
[transparency, clarity, consistency, and reasonableness] TCCR, care must be taken not to set
the risk assessment up for failure by delaying environmental decisions until more research
is done (p. 29).

The policy may be appealing at first glance: it creates a two-phase process that obligates
the agency to give full attention to all available and relevant scientific information and in the
absence of some needed information to use defaults rather than allow uncertainties to force
an end to an assessment and to related regulatory decision-making. On closer examination,
the current policy carries a number of disadvantages.

Concerns with EPA’s Current Policy on Defaults

Depending on implementation, the position in the current policy as articulated in the
2004 staff paper (EPA 2004a) and 2005 cancer guidelines (EPA 2005a) could represent a
radical departure from previous policies. Rather than starting with a default that repre-
sents a culmination of a thorough examination of “all the relevant and available scientific
information,” this policy has the potential to promote with each assessment a full ad hoc
examination of data and the spectrum of inferences they may support without being selective
or contrasting them with the default to reflect on their plausibility. There are then no real
defaults, and every inference is subject to ready replacement. By definition, a full evaluation
of the evidence identifies the best available assumption, whether it is based on chemical-spe-
cific information or more general information. Thus, EPA takes on, even more than before,
the burden of establishing that existing science does not warrant use of an inference differ-
ent from the default. There is also the commitment “to examine all relevant and available
data” first. Pushed to the extreme for some chemicals, that can mean retrieving, cataloging,
and demonstrating full consideration of thousands of references, many of little utility but
nonetheless “relevant.” It also could lead to the reopening of the basis of some of the generic
defaults on an ad hoc basis, as discussed below. Those possibilities create further vulnerability
to challenge and delay that could affect environmental protection and public health. From
a practical management perspective, the mandate to consider “all relevant and available
data” may be unworkable for an overburdened and underresourced EPA (EPA SAB 2006,
2007) that is struggling to keep up with demands for analysis of hazard and dose-response
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information (Gilman 2006; Mills 2006). It may also have profound ripple effects on regula-
tory and risk-management efforts by other agencies at both the federal and state levels. And
there is a lack of clarity as to what the policy means in cases in which the database supports
a different inference from the default and does not merely replace a default with data.?

What Is Needed for an Effective Default Policy?

Both the current and previous EPA policies on defaults raise a crucial question: How
should the agency determine that the available data are or are not “usable,” that is, that

20ne member of the committee concluded that the new EPA policy is 7ot unclear, but instead represents a de-
finitive and troubling shift away from a decades-old system that appropriately valued sound scientific information
and avoided the paralysis of having to re-examine generic information with every new risk assessment. During its
deliberations, the member heard two things clearly from EPA that make the intent of its above language unam-
biguous: (1) that EPA regards “data” and inferences as two concepts that can be compared to each other, and that
the former should trump the latter (the member heard, for example, that the new policy is intended to repudiate
the historical use of “risk assessment without data—just defaults”); and (2) that the goal of the policy shift is to
“reduce reliance on defaults” (EPA SAB 2004a; EPA 2007d).

This member of the committee questioned both of these premises. First, the member concluded that there are
two problems with the notion of pitting “data” against defaults. The logical problem, in this member’s opinion,
was that the actual choice EPA faces is a choice among models (inferences, assumptions), which are not themselves
“data” but which are ways of making sense of data. For example, reams of data may exist on some biochemical
reaction that might suggest that a particular rodent tumor was caused via a mechanism that does not operate in
humans. EPA’s task, however, is whether or not to make the assumption that the rodent tumors are relevant, in
the absence of a well-posed theory to the contrary, one that is supported by data. Without the alternative assump-
tion being articulated, EPA has nothing coherent to do with the data. The more important practical problem with
EPA’s new formulation, in this member’s opinion, is that a policy of “retreating to the default” if the chemical- or
site-specific data are “not usable” ignores the vast quantities of data (interpretable via inferences with a sound
theoretical basis) that already support most of the defaults EPA has chosen over the past 30 years. In order for a
decision to not “invoke” a default to be made fairly, data supporting the inference that a rodent tumor response
was irrelevant would have to be weighed against the data supporting the default inference that such responses are
generally relevant (see, for example, Allen et al. 1988), data supporting a possible nonlinearity in cancer dose-
response would have to be weighed against the data supporting linearity as a general rule (Crawford and Wilson
1996), data on pharmacokinetic parameters would have to be weighed against the data and theory supporting
allometric interspecies scaling (see, for example, Clewell et al. 2002), and so on. In other words, having no chemi-
cal-specific data other than bioassay data does not imply there is a “data gap,” as EPA now claims—it may well
mean that vast amounts of data support a time-tested inference on how to interpret this bioassay, and that no data
to the contrary exist because no plausible inference to the contrary exists in this case. In short, this committee
member sees most of the common risk assessment defaults 7ot as “inferences retreated to because of the absence
of information,” but rather as “inferences generally endorsed on account of the information.”

Therefore, this committee member concluded that EPA’s stated goal of “reducing reliance on defaults” per se
is problematic; it begs the question of why a scientific-regulatory agency would ever want to reduce its reliance on
those inferences that are supported by the most substantial theory and evidence. Worse yet, the committee member
concluded, it seems to prejudice the comparison between default and alternative models before it starts—if EPA
accomplishes part of its mission by ruling against a default model, the “critical analysis of all available informa-
tion” may be preordained by a distaste for the conclusion that the default is in fact proper.

This committee member certainly endorses the idea of reducing EPA’s reliance on those defaults that are found
to be outmoded, erroneous, or correct in the general case but not in a specific case—but identifying those inferior
assumptions is exactly what a system of departures from defaults, as recommended in the Red Book, in Science
and Judgment, and in this report, is designed to do. EPA should modify its language to make clear that across-
the-board skepticism about defaults is not scientifically appropriate. Thus, the committee member concludes that
recommendations in this chapter apply whether or not EPA believes it has “evolved beyond defaults.” A system
that evaluates every inference for every risk assessment still needs ground rules, of the kind recommended in this
chapter, to show interested parties how EPA will decide what data are “usable” or which inference is proper. This
committee member urges EPA to delineate what evidence will determine how it makes these judgments, and how
that evidence will be interpreted and questioned—and EPA’s current policy sidesteps these tasks.
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they do or do not support an inference alternative to the default? The question underscores
the need for guidance to implement a default policy and evaluate its effect on risk decisions
and efforts to protect the environment and public health. The committee did not conduct a
detailed evaluation, but a cursory examination of some recent assessments shows detailed
presentations and analyses of the available data bearing on each assessment, explicit deter-
minations that identified data that do not support an inference alternative to such defaults
as low-dose linearity and the cross-species scaling of risk, but thus far not the wholesale
reconsideration of generic defaults. No matter how one interprets EPA’s current policy on
defaults, an effective policy requires criteria to guide risk assessors on factors that would
render data “not usable” or supportable of inference alternatives to a default, and therefore
requiring that a default be invoked.
Therefore it remains the case that

e  Defaults need to be maintained for the steps in risk assessment that require inferences
beyond those that can be clearly drawn from the available data or to otherwise fill common
data gaps.

e  Criteria should be available for judging whether, in specific cases, data are adequate
for direct use or to support an inference in place of a default.

The “data” that may be usable in place of a default will depend on the role of the par-
ticular default in question. For example, some defaults regarding exposure may be readily
inferred from observations and in this sense are “measurable,” but many defaults for biologic
end points will continue to be based on science and policy judgments. The latter type of
defaults is the focus of this report.

Readily observable and measurable defaults, such as the amount of air breathed each
day or the number of liters of water consumed, may be chosen to make assessments man-
ageable or consistent with one another but not to support inferences beyond the available
data or what can be readily observed, and they are therefore generally less difficult to justify.
Decisions about replacing them with distributions (for variability analysis) or specific values
based on survey data tend to be less controversial.

In contrast, the defaults involving science and policy judgments, such as the relevance
of a rodent cancer finding in predicting low-dose-human risk, are used to draw inferences
“beyond the data,” that is, beyond what may be directly observable through scientific study.
The next section gives examples of important defaults of that kind related to the hazard-
identification and dose-response assessment steps. Inferences are needed when underlying
biologic knowledge is uncertain or absent. Indeed, fundamental lack of understanding of
key biologic phenomena can remain after many years of research. In some cases, however,
research “data”—typically on pharmacokinetic (PK) behavior and modes of toxic action—
support an inference different from that implicit in the default. Determining whether such
“data” are adequate to support a different inference is often difficult and controversial. Much
of the emphasis of this chapter is on the defaults chosen as “inferences” in the presence of
considerable uncertainty, not on those chosen to represent observed parameters or to fill
gaps in data on readily observable phenomena.

In the discussions in this chapter, simply for ease of presentation, the committee uses
the term departures in offering its views regarding the use of inferences based on substance-
specific data rather than defaults. Departures in the sense used in this report is related to the
decision in specific cases as to whether data are adequate to support an inference different
from the default and to make it unnecessary to adopt the default. Recognizing the challenge
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of interpreting EPA’s policy, the committee, to be consistent with its charge, offers its discus-
sions and recommendations in the context of current EPA policy.

THE ENVIRONMENTAL PROTECTION AGENCY’S SYSTEM OF DEFAULTS

Explicit Defaults

The system of inferences used in EPA risk assessments is contained in the agency’s re-
ports, staff papers, procedural manuals and guidance documents. These materials provide
some advice and information on interpreting the strengths and limitations of various types
of scientific datasets and on data synthesis, including whether a body of data supports a
default or alternative inference, and risk assessment methods. Guidance is given on assess-
ment of risks of cancer (EPA 2005a), neurotoxicity (EPA 1998a), developmental toxicity
(EPA 1991a), and reproductive toxicity (EPA 1996); on Monte Carlo analysis (EPA 1997);
on assessment of chemical mixtures (EPA 1986, 2000b); on reference-dose (RfD) and ref-
erence-concentration (RfC) processes (EPA 1994, 2002a,b); and on how to judge data on
whether, for example, male rat kidney tumors (EPA 1991b) or rodent thyroid tumors (EPA
1998b) are relevant to humans (see, for example, Box 2-1 and Table D-1). The toxicity
guidance documents also identify some defaults commonly used in assessments covered by
the guidance. Tables 6-1 and 6-2 list some of the important defaults for carcinogen and
noncarcinogen risk assessments.

Missing Defaults

In addition to explicitly recognized defaults, EPA relies on a series of implicit or “miss-
ing” defaults’>—assumptions that may sometimes exert great influence on risk characteriza-
tion. For a risk assessment to be completed, every “inference gap” must have been “bridged”
with some assumption, whether explicitly stated or not. Assumptions analogous to missing
defaults are made in every field. For example, it is common to treat a pair of variables as
independent when no information exists about any relationship between them. That as-
sumption may well be reasonable, but it imposes a powerful condition on the analysis: that
the correlation coefficient between the variables is exactly 0.0 rather than any other value
between -1 and 1.

Use of missing defaults has become so ingrained in EPA risk-assessment practice that it
is as though EPA has chosen the same assumptions explicitly. The committee recommends
that EPA systematically examine the risk-assessment process and identify key instances of
the bridging of an inference gap with a missing default, examine its basis, and consider
alternatives if such a default is not sufficiently justified.

This committee is concerned particularly about two missing defaults. First, agents that
have not been examined sufficiently in epidemiologic or toxicologic studies are insufficiently
included in or even excluded from risk assessments. Typically, there is no description of the
risks potentially posed by these agents in the risk characterization, so their presence often
carries no weight in decision-making. With few notable exceptions (for example, dioxin-like
compounds), they are treated as though they pose no risk that should be subject to regula-
tion in EPA’s air, drinking-water, and hazardous-waste site programs. Also with very few

3Science and Judgment in Risk Assessment (NRC 1994) coined the term missing default to describe the use of
de facto assumptions by EPA without explicit explanation. These de facto assumptions may also be thought of as
“implicit defaults.”
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TABLE 6-1 Examples of Explicit EPA Default Carcinogen Risk-Assessment Assumptions

Issue

EPA Default Approach

Extrapolation across
human populations

Extrapolation of results
from animals to humans

Extrapolation of metabolic
pathways across species,
age groups, and sexes
Extrapolation of
toxicokinetics across
species, age groups,

and sexes

Shape of dose-response
relationship

“When cancer effects in exposed humans are attributed to exposure to
an agent, the default option is that the resulting data are predictive of
cancer in any other exposed human population.” (EPA 2005a, p. A-2)

“When cancer effects are not found in an exposed human population,
this information by itself is not generally sufficient to conclude that
the agent poses no carcinogenic hazard to this or other populations of
potentially exposed humans, including susceptible subpopulations or
lifestages.” (EPA 2005a, p. A-2)

“Positive effects in animal cancer studies indicate that the agent under
study can have carcinogenic potential in humans.” (EPA 2005a, p. A-3)

“When cancer effects are not found in well-conducted animal cancer
studies in two or more appropriate species and other information does
not support the carcinogenic potential of the agent, these data provide
a basis for concluding that the agent is not likely to possess human
carcinogenic potential, in the absence of human data to the contrary.”
(EPA 2005a, p A-4)

“There is a similarity of the basic pathways of metabolism and the
occurrence of metabolites in tissues in regard to the species-to-species
extrapolation of cancer hazard and risk” (EPA 2005a, p. A-6).

“As a default for oral exposure, a human equivalent dose for adults
is estimated from data on another species by an adjustment of animal
applied oral dose by a scaling factor based on body weight to the 3/4
power. The same factor is used for children because it is slightly more
protective than using children’s body weight.” (EPA 2005a, p. A-7)

“When the weight of evidence evaluation of all available data are
insufficient to establish the mode of action for a tumor site and when
scientifically plausible based on the available data, linear extrapolation
is used as a default approach, because linear extrapolation generally is
considered to be a health-protective approach. Nonlinear approaches
generally should not be used in cases where the mode of action has
not been ascertained. Where alternative approaches with significant
biological support are available for the same tumor response and no

scientific consensus favors a single approach, an assessment may present
results based on more than one approach.” (EPA 2005a, p. 3-21)

exceptions, EPA treats all adults as equally susceptible to carcinogens that act via a linear
mode of action (MOA) (see Chapter 5 and, for a recent example, EPA 2007a). Table 6-3
lists those and several other apparently missing EPA defaults.

Both explicit and missing defaults used by EPA are a cornerstone of the agency’s ap-
proach to facilitating human health risk assessment in the face of inherent scientific limita-
tions that may prevent verification of any particular causal model. Understanding of the
complications introduced by EPA’s policy and practice regarding defaults is central to evalu-
ating EPA’s management of uncertainty.
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TABLE 6-2 Examples of Explicit EPA Default Noncarcinogen Risk-Assessment

Assumptions

Issue

EPA Default Approach

Relevant human
health end point and
extrapolation from
animals to humans

Adjustment to account

for differences between

humans and animal test
species

Heterogeneity among
humans

Shape of dose-response
relationship

Human risk estimate

“The effect used for determining the NOAEL, LOAEL,* or benchmark
dose in deriving the RfD or RfC is the most sensitive adverse
reproductive end point (that is, the critical effect) from the most
appropriate or, in the absence of such information, the most sensitive
mammalian species.” (EPA 1996, p. 77)

Factor of 1, 3, or 10. (EPA 2002a, p. 2-12)

Factor of 1, 3, or 10. (EPA 2002a, p. 2-12)

“In quantitative dose-response assessment, a nonlinear dose-response
is assumed for noncancer health effects unless mode of action or
pharmacodynamic information indicates otherwise.” (EPA 1996, p. 75)

Division of the point of departure (for example, NOAEL, LOAEL, or

benchmark dose) by the appropriate uncertainty factors to take into
account, for example, the magnitude of the LOAEL compared with the
NOAEL, interspecies differences, or heterogeneity among members of
the human population produces “an estimate (with uncertainty spanning
perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an
appreciable risk of deleterious effects during a lifetime.” (EPA 1998a,

p- 57)

ANOAEL = no-observed-adverse-effect level, LOAEL = lowest-observed-adverse-effect level.

COMPLICATIONS INTRODUCED BY USE OF DEFAULTS

The National Research Council (NRC 1994) noted that although EPA had justified the
selection of some of its defaults, many had received incomplete scrutiny by the agency. In
the agency’s Guidelines for Carcinogen Risk Assessment (EPA 2005a), it elucidated more
fully the bases of many of its defaults. Selection of defaults by EPA has been controversial,
and the controversies were described in Science and Judgment in Risk Assessment (NRC
1994, Chapter 6 and Appendices N-1 and N-2). Because choice of defaults involves a blend
of science and risk-assessment policy, controversy is inevitable. Some have argued that EPA
has selected defaults at each opportunity that are needlessly “conservative” and result in
large overestimates of human risk (OMB 1990; Breyer 1992; Perhac 1996). Others have
argued—given the large scientific uncertainties surrounding risk assessment, human variabil-
ity in both exposure to and response to toxic substances, and various missing defaults with
“nonconservative” biases—that risk overestimation might not be common in EPA’s practices
and that risk underestimation may occur (Finkel 1997; EPA SAB 1997, 1999). EPA (2004a,
p. 20) states that the sum of conservative risk estimates for a chemical mixture overstates
risk to a relatively modest extent (a factor of 2-5). In general, estimates based on animal
extrapolations have been found to be generally concordant with those based on epidemio-
logic studies (Allen et al. 1988; Kaldor et al. 1988; Zeise 1994), and in several cases human
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TABLE 6-3 Examples of “Missing” Defaults in EPA “Default” Dose-Response
Assessments

. For low-dose linear agents, all humans are equally susceptible during the same life stage
(when estimates are based on animal bioassay data) (EPA 2005a). The agency assumes that the linear
extrapolation procedure accounts for human variation (explained in Chapter 5), but does not formally
account for human variation in predicting risk. For low-dose nonlinear agents, an RfD is derived with an
uncertainty factor for interhuman variability of 1-10 (EPA 2004a, p. 44; EPA 2005a, p. 3-24).

. Tumor incidence from conventional chronic rodent studies is treated as representative of the
effect of lifetime human exposures after species dose equivalence adjustments (EPA 2005a). For chemicals
established as operating by a mutagenic mode of action, that holds after adjustment for early-life
sensitivity (EPA 2005b). This assumes (1) that humans and rodents have the same “biologic clock,” that
is, that rodents and humans exposed for a lifetime to the same (species-corrected) dose will have the same
cancer risk, and (2) that a chronic rodent bioassay, which doses only in adulthood and misses late old age
(EPA 2002a, p. 41), is representative of a lifetime of rodent exposure.

. Agents have no in utero carcinogenic activity. Although the agency notes that in utero activity is
a concern, default approaches do not take carcinogenic activity from in utero exposure into account, and
risks from in utero exposure are not calculated (EPA 2005b; EPA 2006a, p. 29).

. For known or likely carcinogens not established as mutagens, there is no difference in
susceptibility at different ages (EPA 2005b).

. Nonlinear carcinogens and noncarcinogens act independently of background exposures and host
susceptibility (see Chapter 5 for full discussion).

. Chemicals that lack both adequate epidemiologic and animal bioassay data are treated as
though they pose no risk of cancer worthy of regulatory attention, with few exceptions. They are
typically classified as having “inadequate information to assess carcinogenic potential” (EPA 2005a,
Section 2.5); consequently, no cancer dose-response assessment is performed (EPA 2005a, p. 3-2).
Integrated Risk Information System and provisional peer-reviewed toxicity values are then based on
noncancer end points, and cancer risk estimates are not presented.

data have indicated that animal-based estimates were not conservative for the population
as a whole (see discussion in Chapter 4).

In any event, the committee observes that any set of defaults will impose value judgments
on balancing potential errors of overestimation and underestimation of risk even if the judg-
ments dictate that the balance be exactly indifferent between the two. Thus, the issue is not
whether to accept a value-laden system of model choice but which value judgments EPA’s
assessments will reflect. Some members of the Science and Judgment in Risk Assessment
committee endorsed the view that risk-assessment policy should seek a “plausible conserva-
tism”# in the choice of default options rather than seeking to impose the alternative value
judgment that models should strive to balance errors of underestimation and overestimation
exactly (Finkel 1994); others took the view that relative scientific plausibility alone should
govern the choice of defaults and the motivation for departing from them (McClellan and
North 1994). EPA (2004a, pp. 11-12) acknowledged the debate:

EPA seeks to adequately protect public and environmental health by ensuring that risk is not
likely to be underestimated. However, because there are many views on what “adequate”
protection is, some may consider the risk assessment that supports a particular protection

4This use of comservatism is intended to describe the situation in which the assumptions and defaults used in
risk assessment are likely to overstate the true but unknowable risk. It is derived from the public-health dictum that
when science is uncertain, judgments based on it should err on the side of public-health protection.
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level to be “too conservative” (that is, it overestimates risk), while others may feel it is “not
conservative enough” (that is, it underestimates risk). . . .

Even with an optimal cost-benefit solution, in a heterogeneous society, some members of
the population will bear a disproportionate fraction of the costs while others will enjoy a
disproportionate fraction of the benefits (Pacala et al. 2003). Thus, inevitably, different seg-
ments of our society will view EPA’s approach to public health and environmental protection
with different perspectives.

In addition to the debate over how “conservative” default assumptions should be, there
is tension between their use and the complete characterization of uncertainty. For example, it
is possible to imagine eliminating defaults and instead using ranges of plausible assumptions
in their place. Doing so, however, could produce such a broad range of risk estimates, with
no clear way to distinguish their relative scientific merits, that the result could be useless
for the purpose of choosing among various risk-management options for decision-making
(see Chapter 8). As explained above, using defaults ameliorates that problem but at the cost
of reporting only a portion of the complete range of risk estimates that is consistent with
available scientific knowledge. In some cases, use of defaults overstates the central tendency
of the complete range; in other cases, it underestimates the central tendency. As discussed
below, that pitfall is important because of the ubiquitous nature of tradeoffs that surround
most risk-management decisions.

How EPA has responded to suggestions to improve its system of defaults reveals three
related issues. First, the agency has not published clear, general guidance on what level of
evidence is needed to justify use of chemical-specific evidence and not use a default, although
EPA has provided some specific guidance for a small number of particular defaults (see
below).

Second, as part of its current practice of using defaults, EPA often does not quantify the
portion of the total uncertainty characterized in the resulting risk estimate or RfD that is due
to the presence of competing plausible causal models. EPA in its various guidance documents
and reviews has provided a scientific justification for many of its defaults (for example, EPA
1991a, 2002b, 2004a, 2005a,b). In some cases, it has demonstrated that the defaults are
plausible, but not the extent to which a default may produce an estimate of the risk or RfD
different from that produced by a plausible alternative model. Tables 6-1 and 6-2 list explicit
defaults used by EPA. A notable example is the use of the linear no-threshold dose-response
relationship for extrapolation of cancer risk below the point of departure when there is no
evidence of an MOA that would introduce nonlinearity. That assumption is based on both
mechanistic hypotheses and empirical evidence. “Low-dose nonlinear” carcinogens and
chemicals without established carcinogenic properties are assumed to follow threshold-like
dose-response relationships® even when, as in the case of chloroform, it is acknowledged
that multiple modes of action, including genotoxicity, cannot be ruled out (EPA SAB 2000,
p. 1; EPA 2001, p. 42). The nonlinear effects are also presumed to act independently of
background processes although for many mechanisms (such as receptor-mediated ones) there
can be endogenous and exogenous agents that contribute to the same disease process present
in the population that the toxicant under study contributes to (see Chapter 5).

EPA risk-assessment guidance acknowledges that defaults are uncertain (EPA 2002a,
2005a). In practice, the agency addresses the uncertainty by discussing it qualitatively. EPA

SThe agency’s most recent cancer and noncancer guidelines do not strictly assume biologic thresholds, because
of “the difficulty of empirically distinguishing a true threshold from a dose-response curve that is nonlinear at low
doses”; instead, it refers to the dose-response relationships as low-dose nonlinear (EPA 2005a).
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has recently been criticized, however, for not describing the range of risk estimates associ-
ated with alternative assumptions quantitatively (NRC 2006a), and it has been encouraged
in various forums to begin to develop the methodology and data to describe the uncertainty
in dose-response modeling quantitatively (EPA SAB 2004b; NRC 2007a).

Third, EPA has not established a clear set of standards to apply when evidence of an al-
ternative assumption is sufficiently robust not to invoke a default. EPA (2005a, p. 1-9) states
that “with a multitude of types of data, analyses, and risk assessments, as well as the diversity
of needs of decision makers, it is neither possible nor desirable to specify step-by-step criteria
for decisions to invoke a default option.” The committee agrees that it is neither possible
nor desirable to reduce the evaluation of defaults to a checklist. However, failure to establish
clear guidelines detailing the issues that must be addressed to depart from a default and the
type of evidence that would be compelling can have a number of adverse consequences. The
lack of clear standards may reduce the incentive for further research (Finkel 2003). With
no guidance on criteria for using an alternative assumption, it is difficult for an interested
party to understand the type of scientific information that might be required by the agency,
and a lack of clear standards can make the process of deciding whether new research data
(instead of a default) are usable appear to be arbitrary. The committee considers that clear
evidence standards for deciding to retain or depart from defaults can make the process more
transparent, consistent, and fair for all stakeholders involved and enhance their trust in the
process. Examples from EPA (discussed below) demonstrate that it is possible to specify
criteria for departure from defaults.

Risk estimates developed with defaults focus on a portion of the scientifically plausible
risk-estimate range. However, because some defaults may lead to the overstatement of the
risk posed by a chemical and others to an understatement of risk, EPA needs to be mindful of
the influence of defaults on risk estimates when the estimates will influence risk-management
decisions. Intervention options often involve tradeoffs, and the tradeoffs being considered
(such as replacement of one chemical with another in a production process) might result in
risk estimates whose health protectiveness depends on the defaults used in estimation. An
example is the tradeoff between the risks resulting from exposure to mercury and PCBs in
fish and the nutritional benefit of fish consumption (Cohen et al. 20035).

When chemical risks are being compared, the agency can minimize the differential effects
of defaults by ensuring that they are applied consistently. When chemical risks are being
compared with other considerations whose estimated effects are not influenced by defaults,
EPA should emphasize the quantitative characterization of the contribution of the defaults
to uncertainty (as discussed below).

ENHANCEMENTS OF THE ENVIRONMENTAL PROTECTION
AGENCY’S DEFAULT APPROACH

This section describes the committee’s recommendations for improving how defaults are
chosen, used, and modified. These recommendations include continued and expanded use of
the best, most current science to choose, justify, and, when appropriate, revise EPA’s default
assumptions; development of a clear standard to determine when evidence supporting an
alternative assumption is robust enough that the default need not be invoked and develop-
ment of various sets of scientific criteria for identifying when an alternative has met that
standard; making explicit the existing assumptions or developing new defaults to address
the missing defaults, such as treatment of chemicals with limited information as though they
pose risks that do not require regulatory action; and quantifying the risk estimates emerging
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from more than one model (assumption) when EPA has determined that an alternative model
is sufficiently well developed and validated to be presented alongside the risks resulting from
use of the default.

Best Use of Current Science to Define Defaults

The defaults selected for EPA’s risk assessments and described in the agency’s guidelines
should be periodically reviewed to determine their consistency with evolving science. The
advance of scientific knowledge relevant to the selection of defaults is typically associated
with studies of specific agents that provide insights into the applicability of alternative models
to those agents (and perhaps also to related agents). As knowledge accumulates, it may point
to the need for revision of one or more defaults for entire classes of related agents or even
for all agents. Because general scientific understanding is continually evolving, it is essential
that EPA remain committed to evaluating the bases of its defaults. Chapter 5 provides an
example of how EPA might evaluate and revise its default dose-response assessment as-
sumptions in order to take into account the growing understanding of how dose-response
assessment depends on interindividual variability and background exposures to a particular
chemical and to chemicals that have similar MOAs.

Guidelines describing defaults should include a detailed description of the underlying sci-
ence to justify the plausibility of the default for a wide array of circumstances. For example,
the assumed relevance of rodent carcinogenicity testing to human risk might be justified by
the high degree of common genetics across mammalian species and by empirical evidence
that rodents are useful models of human disease processes. The documentation should also
include the known and suspected limitations of the default’s applicability in any specific case.
In the example above, limitations might include known differences in organ sensitivity and
enzyme pathways between rodents and humans. The documentation should systematically
establish grounds for departing from the default.

None of the possible inference options that is evaluated for its scientific strengths can be
shown with high certainty to be generically applicable, but a default must be chosen from
among them. As the Red Book pointed out, an element of “risk-assessment policy” will need
to be invoked for the selection of defaults. EPA should use available science to the maximum
extent and clearly specify the basis of its final selection of defaults. The same process should
be used when new defaults are being considered to replace existing ones.

Clear Standards for Departures from Defaults

In keeping with the Red Book’s recommendations concerning the need for flexibility
in the application of EPA’s inference guidelines, EPA has accepted alternatives to defaults
in several specific cases. For example, the last decade saw major advances in the develop-
ment of physiologically based pharmacokinetic (PBPK) models, and the agency has found
these models useful to replace defaults in cross-route and cross-species extrapolation. In the
agency’s toxicologic review of 1,1,1-trichloroethane (EPA 2007a), for example, it evaluated
14 PBPK models that had been published in peer-reviewed journals, selected those it judged
to be best supported, and then used model results to assess animal-to-human differences in
the pharmacokinetic behavior of 1,1,1-trichloroethane. The typical default uncertainty factor
(UF) of 10, used to extrapolate animal findings to humans, is assumed by default to be made
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BOX 6-1 Boron: Use of Data-Derived Uncertainty Factors

EPA has been struggling with characterization of uncertainty in risk assessments for decades.
In most cases involving noncancer health effects, default uncertainty factors are used to account for
conversion of subchronic to chronic exposure data, the adequacy of the database, extrapolation from
the lowest-observed-adverse-effect level to a no-observed-adverse-effect level, interspecies extrapola-
tion, and human variability. Inadequacies in the database often compel the agency to rely on default
assumptions to compensate for gaps in data. In the case of the boron risk assessment, data were
available, so EPA could apply a “data-derived approach” to develop uncertainty factors. This approach
“uses available toxicokinetic and toxicodynamic data in the determination of uncertainty factors, rather
than relying on the standard default values” (Zhao et al. 1999). The boron case illustrates issues sur-
rounding the development and use of data-derived uncertainty factors by the agency.

Without endorsing the specifics, the committee notes that in the boron risk assessment the
availability of data lowered the uncertainty factor by roughly one-third, from 100 to 66. Chemical-spe-
cific pharmacokinetic and physiologic data were used to derive the factors (DeWoskin et al. 2007).
Specifically, data on renal clearance from studies of pregnant rats and pregnant humans were used
in determining data-driven interspecies pharmacokinetic adjustments, and glomular-filtration variabil-
ity in pregnant women was used to develop the nondefault values for intraspecies pharmacokinetic
adjustments.

The data-derived approach used in the risk assessment was largely supported by the three ex-
ternal reviewers of the risk assessment (see EPA 2004b, p. 110):

All three reviewers agreed that the new pharmacokinetic data on clearance of boron in rats and humans should
be used for derivation of an uncertainty factor instead of a default factor. Comments included statements that
EPA should always attempt to use real data instead of default factors and a statement that this use of clearance
data is a significant step forward in the general EPA methodology for deriving uncertainty.

The use of data-driven uncertainty factors was not without controversy, as reported in a 2004
Risk Policy Report: “environmentalists are concerned EPA is eroding its long-standing practice of us-
ing established safety factors when faced with scientific uncertainties. ‘Our major concern is that this
represents a major move by EPA away from the concept of defaults, and towards a concept of default
if we think that it's required, and if there are data to support a default’,” a scientist with the Natural
Resources Defense Council says. “EPA may use a ‘scrap of evidence’ to support the idea that one
chemical is like another, reducing the need for important safety factors, the source says” (Risk Policy
Report 2004, p. 3).

up of two factors of about 3: one for PK differences and the other for pharmacodynamic
(PD) differences.® In the draft 1,1,1-trichloroethane assessment, the agency used PBPK model
results instead of the default UF of 3; but in the absence of information on PD differences, it
retained the default UF of 3. This example reflects increased agency recognition of the value
of reliable scientific information to reduce model uncertainties in risk assessment.

In another recent example (see Box 6-1), EPA used chemical-specific PK and physiologic
data to derive two UFs (for extrapolating from animal to humans and for human variability)
in establishing the RfD for boron.

Those examples show that EPA has departed from default assumptions in specific cases;
however, the committee believes that EPA and the research community would benefit from
the development of clear standards and criteria for such departures.

Developing clear standards and criteria for departing from defaults requires a system

6The assumption that PK and PD are similar in their contribution to interindividual heterogeneity is likely to
be incorrect. Hattis and Lynch (2007) argued that PD factors are likely to be more important.
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that has two components: a single “evidentiary standard” governing how EPA considers
alternative assumptions in relation to the default and the specific scientific criteria that EPA
will use to gauge whether an alternative model has met the evidentiary standard.

Evidentiary Standard

Because of the effort that EPA has invested in selecting its current defaults and the
consistency that defaults confer on the risk-assessment process, the use of an alternative to
the default in specific cases faces a substantial hurdle and should be supported by specific
theory and evidence. The committee recommends that EPA adopt an alternative assumption
in place of a default when it determines that the alternative is “clearly superior,”” that is,
that its plausibility clearly exceeds the plausibility of the default.

Specific Criteria to Judge Alternatives

The scientific questions that should be addressed to assess whether an alternative to a
default is clearly superior will depend on the particular inference gap that is to be bridged.
The committee recommends that EPA establish issue-specific criteria for bridging inference
gaps. Important issues that require development of criteria include the use of PBPK models
vs allometry to scale doses across species, the relevance of animal tumors to humans, and PD
differences between animals and humans. Many of those issues are relevant to the unification
of cancer and noncancer dose-response modeling described in Chapter 5.

EPA in specific cases has developed criteria for departing from defaults. Three examples
are presented below. The committee notes that these cases are presented as starting points
for the development of criteria for departing from defaults; and their use does not imply
that the committee agrees with their rationale in every detail.

Low-dose extrapolation for thyroid follicular tumors in rodents. In 1998, EPA devel-
oped guidance for when and how to depart from the default assumption that a substance
that causes thyroid follicular tumors in rodents will have a linear dose-response relationship
in humans (EPA 1998b). That guidance states clearly that EPA will consider a margin-of-
exposure, rather than a linear approach, when it can be demonstrated that a particular
rodent carcinogen is not mutagenic, that it acts to disrupt the thyroid-pituitary axis, and
that no MOA other than antithyroid activity can account for the observed rodent tumor
formation. EPA then presents eight criteria for determining whether the substance disrupts
the thyroid-pituitary axis and states that the first five must be satisfied (the remaining three
are “desirable”).

Relevance to humans of animal o2u-globulin carcinogens. In the case of criteria for
setting aside the relevance of renal tumors that occurred after exposure to agents that
act through the a2u-globulin MOA, EPA developed clear criteria for departure from the
default assumption that animal tumors are relevant to human risk. EPA (1991b) specified
two conditions that must be satisfied to replace that default. First, for the agent in ques-
tion, o2p-globulin must be shown to be involved in tumor development. For this condition,
EPA requires three findings (p. 86): “(1) Increased number and size of hyaline droplets in

7In legal parlance, a “beyond a reasonable doubt” standard would be “clearly superior.” The term clearly
superior should not be interpreted quantitatively, but the committee notes that statistical P values can also be used
as an analogy. For example, rejecting the null in favor of the alternative only when P < 0.05 could be viewed as
insisting that the alternative hypothesis is “clearly superior” to the “default null.”
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renal proximal tubule cells of treated male rats,” “(2) Accumulating protein in the hyaline
droplets is a2u-g[lobulin],” and “(3) Additional aspects of the pathological sequence of
lesions associated with a2p-g[lobulin] nephropathy are present.” If the first condition is
satisfied, EPA states that the extent to which a2p-globulin is responsible for renal tumors
must be established. Establishing that it is largely responsible for the observed renal tumors
is grounds for setting aside the default assumption of their relevance to humans. EPA states
(p. 86) that this step “requires a substantial database, and not just a limited set of informa-
tion confined to the male rat. For example, cancer bioassay data are needed from the mouse
and the female rat to be able to demonstrate that the renal tumors are male-rat specific.”
EPA lists the type of data that are helpful, for example, data showing that the chemical in
question does not cause renal tumors in the NBR rat (which does not produce substantial
quantities of o2ji-globulin), evidence that the substance’s binding to a2u-globulin is revers-
ible, sustained cell division of the P2 renal tubule segment that is typical of the a2u-globulin
renal-cancer mode of action, structure-activity relationship data similar to those on other
known o2u-globulin MOA substances, evidence of an absence of genotoxicity, and the
presence of positive renal-carcinogenicity findings only in male rats and negative findings in
mice and female rats (EPA 1991b).

Applicability of the safety factor® of 10 under the Food Quality Protection Act. EPA’s
treatment of the safety factor of 10 to protect infants and children when setting pesticide
exposure limits is an example of how the agency could establish a process to determine
regularly whether data are sufficient to depart from what is, in effect, a default. The 1996
Food Quality Protection Act (FQPA) mandates the use of a safety factor of 10 unless EPA has
sufficient evidence to determine that a different value is more appropriate [§ 408 (b)(2)(c)].
The EPA Office of Pesticide Programs (EPA 2002b) has developed a systematic weight-of-
evidence approach that addresses a series of considerations, including prenatal and postnatal
toxicity, the nature of the dose-response relationship, PK, and MOA. On the basis of the
framework, EPA had found it unnecessary to apply the safety factor of 10 in 48 of 59 cases
(reviewed in NRC 2006b).

Committee’s Evaluation

Those examples provide a starting point for the agency’s development of a standardized
approach to departures from defaults. An improvement based on these examples would be
greater specificity regarding the type of evidence that is sufficient to justify a departure.

Consider, for example, EPA’s guidance for chemicals that cause follicular tumors. Sec-
tion 2.2.4 of EPA 1998b (p. 21) requires that “enough information on a chemical should
be given to be able to identify the sites that contribute the major effect on thyroid-pituitary
function,” but EPA does not indicate what quantity and quality of information are “enough”
for a researcher to make such a determination. In addition, the key statement that “where
thyroid-pituitary homeostasis is maintained, the steps leading to tumor formation are not
expected to develop, and the chances of tumor development are negligible” refers through-
out the document to humans in general and does not address interindividual variability in
homeostasis.

EPA has presented guidance (EPA 2002b) for departing from the use of a safety factor
of 10 as provided for in the FQPA. The guidance includes a list of issues to consider and
the type of evidence to evaluate. Some of the guidelines provide sufficient specificity as to

8In Chapter 5, the committee takes exception to the term safety factor, but it uses it here to avoid confusion
with EPA terminology.
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evaluation of departures. For example, a finding of effects in humans or in more than one
species militates against departure, as does a finding that the young do not recover as quickly
from the adverse effects of a chemical as do adults. In contrast, some of the guidelines lack
specificity. In particular, an MOA supporting the human relevance of effects observed in
animals militates against departure from the default; this guideline would be more useful if
it spelled out specific MOA findings that support the relevance to humans.

The committee recommends that EPA review those and other cases in which it has used
substance-specific data and not invoked defaults and that it catalog the principles character-
izing those departures. The principles can be used in developing more general guidance for
deciding when data clearly support an inference that can be used in place of a default.

Crafting Defaults That Replace (or Make Explicit) Missing Assumptions:
The Case of Chemicals with Inadequate Toxicity Data

EPA should work toward developing explicit defaults to use in place of missing defaults.
To the extent possible, the new, explicit defaults should characterize the uncertainty associ-
ated with their use. Although there appear to be a number of missing defaults, this section
focuses on the “untested-chemical assumption” and outlines an approach for characterizing
the toxicity of untested or inadequately tested chemicals.” The approach attempts to strike
a balance between gathering enough information to reduce uncertainty sufficiently to make
the resulting estimate useful and making the approach applicable for characterizing a large
number of chemicals.

In the absence of data to derive a quantitative, chemical-specific estimate of toxicity, EPA
treats such chemicals as though they pose risks that do not require regulatory action in its
air, drinking-water, and hazardous-waste programs. In the case of carcinogens, EPA assigns
no potency factor to a chemical and thus implicitly treats it as though it poses no cancer
risk, for example, chemicals whose evidence meets the standard of “inadequate information
to assess carcinogenic potential” in the carcinogen guidelines (EPA 2005a, p. 1-12). For
noncancer end points, EPA practice limits the product of the uncertainty factors applied to
no more than 3,000. When a larger value would be required to address the uncertainty (for
example, when “there is uncertainty in more than four areas of extrapolation” [EPA 2002a,
p. xvii]), EPA does not derive an RfD or RfC. The vast majority of chemicals now produced
lack a cancer slope factor, RfD, RfC, or a combination of these.

The effective assumption that many chemicals pose no risk that should be subject to
regulation can compromise decision making in a variety of contexts, as it is not possible to
meaningfully evaluate net health risks and benefits associated with the substitution of one
chemical for another in a production process or interpret risk estimates where there can be
a large number of untested chemicals (for example, a Superfund site) that have not been
examined sufficiently in epidemiologic or toxicologic studies.

To develop a distribution of dose-response relationship estimates for chemicals on which
agent-specific information is lacking, a tiered series of default distributions could be con-
structed. The approach is based on the notion that for virtually all chemicals it is possible to
say something about the uncertainty distribution regarding dose-response relationships. The
process begins by selecting a set of cancer and noncancer end points and applying the full
distribution of chemical potencies (including a data-driven probability of zero potency) to

9Chapter 5 addresses other missing defaults including that in the absence of chemical-specific data, EPA treats
all members of the human population as though they are de facto equally susceptible to carcinogens that act via
a linear MOA.
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the unknown chemical in question. That initial distribution can then be narrowed by using
the various types and levels of intermediate toxicity information.

At the simplest level, information on chemical structure can be used to bin chemicals in
much the way that EPA uses chemical structures and physicochemical properties to perform
quantitative structure activity relationship (QSAR) analyses for premanufacturing notices
and for developing distributions of toxicity parameter values derived from data on repre-
sentative data-rich chemicals (The Toxic Substances Control Act [TSCA] Section 5 New
Chemicals Program [EPA 2007b]). At the next level, the distributions can be further refined
by including toxicologic tests and other model or experimental data to create chemical cat-
egories. That has been done to fill in data gaps in the U.S. and Organisation for Economic
Co-operation and Development high-production-volume chemical programs (OECD 2007).
Chemical categories in those programs have been created to help to estimate actual values
for the programs’ short-term toxicity tests, but the underlying concepts could be applied to
the development of distributions of cancer potencies or dose-response parameters for other
chronic-toxicity end points. In the future, the results of intermediate mechanistic tests, in the
context of growing understanding of toxicity networks and pathways, are likely to assist in
selecting end points and estimating potency distributions. There are descriptions of how to
make use of the observed correlation between carcinogenic potency and short-term toxicity
values, such as the maximum tolerated dose (Crouch et al. 1982; Gold et al. 1984; Bernstein
etal. 1985) and acute LDy, (Zeise et al. 1984, 1986; Crouch et al. 1987). The approach can
be updated and expanded to include other data on toxicity from structure-activity and short-
term tests. EPA is building databases that could facilitate such development (EPA 2007¢; Dix
et al. 2007); the National Research Council (NRC 2007b) advocates eventually relying on
high and medium throughput assays for risk assessment. Finally, the most sophisticated level
can involve development of toxic-potency distributions for chemicals whose structures are
clearly similar to those of well-studied substances, such as polycyclic aromatic hydrocarbons
and dioxin-like compounds, in a manner like current extrapolation methods (for example,
see Bostrom et al. 2002; EPA 2003; van den Berg et al. 2006). In that way, the agency can
take advantage of the wealth of intermediate toxicity data being generated in multiple set-
tings at a stage when their precise implications for traditional dose-response estimation are
not fully understood. EPA over the long term can develop probability distributions based on
results of the intermediate assays, and the potency distribution for a chemical can become
narrower as more data become available.

Those approaches have a number of limitations. For now, they would be based on
results with chemicals that have already been tested in long-term bioassays. If selection for
long-term bioassay testing is already associated with indications of toxicity, generalization
of the results to untested chemicals could lead to an overestimation of the toxicity of the
untested chemicals. The creation of potency distributions for unknown chemicals will have
to include a database estimation of the probability of zero potency to reduce the possibility
of systematic overestimation. Characterization of the uncertainty surrounding the potency
estimates will be necessary, but it should be facilitated by the probabilistic nature of the
approach. The lack of sufficient data to estimate potency distributions for a wide variety
of end points poses a serious challenge. Creation of such a database may be feasible now
for cancer and a small number of noncancer end points but not for many of the end points
of great concern, such as developmental neurotoxicity, immune toxicity, and reproductive
toxicity. Full implementation of such a system will require about 10-20 years of data and
method development. The committee urges EPA to begin to develop the methods for such a
system by using existing data and the wealth of intermediate toxicity data being generated
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now by U.S. and international chemical priority-setting programs (EC 1993, 1994, 1998,
2003; 65 Fed. Reg. 81686[2000]; NRC 2006b).

When necessary, EPA can prioritize efforts to establish missing default information
based on the potential impact of this information on the estimated benefits of regulatory
action. This impact is most likely to be substantial for chemicals that have exposure levels
that could change substantially in response to regulation (for example, chemicals that might
be substituted for other chemicals that undergo more stringent control), and for chemicals
whose physical and chemical properties increase the likelihood of their relative toxicity.

PERFORMING MULTIPLE RISK CHARACTERIZATIONS
FOR ALTERNATIVE MODELS

The current management of defaults resembles an all-or-none approach in that EPA of-
ten quantifies the dose-response relationship for one set of assumptions—either the default
or whatever alternative to the default the agency adopts. Model uncertainty is discussed
qualitatively; EPA discusses the scientific merits of competing assumptions.

In the long term, the committee envisions research leading to improved descriptions of
model uncertainty (see Chapter 4). In the near term, sensitivity analysis could be performed
when risk estimates for alternative hypotheses that are sufficiently supported by evidence
are reported. This approach would require development of a framework with criteria for
judging when such an analysis should be performed. The goal is not to present the multitude
of possible risk estimates exhaustively but to present a small number of exemplar, plausible
cases to provide the risk manager a context for understanding additional uncertainty con-
tributed by considering assumptions other than the default. The committee acknowledges the
difficulty of assigning probabilities to alternative estimates in the face of a lack of scientific
understanding related to the defaults and acknowledges that much work is needed to move
toward a more probabilistic approach to model uncertainty (see Chapter 4).

The standard for reporting alternative risk estimates should be less stringent than the
“clearly superior” standard recommended for use of alternatives in place of the default. The
committee finds that alternative risk estimates should be reported if they are “comparably”
plausible relative to the risk estimate based on the default. The standard of comparability
should not be interpreted to mean that the alternative must be at least as plausible as the
default; this makes sense given that the alternative risk estimates provide information on the
implications of tradeoffs associated with the interventions or options to address a given risk
and that a risk manager might be interested in possible outcomes even if they are less than
50% probable. The comparability standard, however, does rule out risk estimates that are
possibly valid but that are based on assumptions that are substantially less plausible than
the default. The purposes are to help to ensure that the set of risk estimates to be considered
by the risk manager remains manageable and to prevent distraction by risk estimates that
are unlikely to be valid. In the final analysis, making the term comparable operational will
depend on EPA’s deciding how large a probability it is willing to accept that its risk assess-
ment omitted the true risk. EPA should consider developing guidance that explicitly directs
risk assessors to present a broader array of risk estimates in “high stakes” risk assessment
situations, that is, situations where there are potentially important countervailing risks or
economic costs associated with mitigation of a target risk. The guidance should take into
account the analytic cost of developing more extensive information, including the potential
additional delay (see discussion of value of information in Chapter 3).

As in the case of the “clearly superior” standard to replace the default, the agency
should establish guidance for evaluation of plausibility and should issue specific criteria for
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the demonstration that an alternative is “comparably plausible.” EPA should exclude from
consideration alternative risk estimates that fail to satisfy the “reasonably” plausible crite-
ria, because they can distract attention from the possibilities that have a reasonable level of
scientific support. Specifically, the committee discourages EPA from the regular (pro forma)
reporting that the risk posed by an evaluated chemical “may be as small as zero” unless there
is scientific evidence that raises this possibility to the requisite level of plausibility. Under
the proposed approach, the risk assessor would describe, to the extent possible, the rela-
tive scientific merits of alternative assumptions and the factors that make the assumptions
as “comparably plausible” relative to the default (and the factors that cause it to fall short
of a “clearly superior” standard). Such a characterization would identify the risk estimate
associated with the default assumptions and identify that estimate as the appropriate basis
of risk management. Nonetheless, the risk assessment would also report a small number of
other plausible exemplar assessments to convey the uncertainty associated with the preferred
risk estimate. That recommendation is consistent with the National Research Council rec-
ommendation (NRC 2006a) that encouraged EPA to report risk estimates corresponding to
alternative assumptions in its risk assessments.

The level of detail in and scientific support for the alternative risk estimates should be
tailored to be appropriate for the type of questions that the risk assessment is addressing
(see Chapter 3). If potential tradeoffs associated with intervention options under evalua-
tion are modest, less detail is needed to discriminate among the intervention options. For
example, while maintaining designation of the risk calculated with the default assumptions
as the primary estimate, it may be sufficient to provide a range of risk estimates without
detailed information about the relative plausibility of alternative values within the range; the
information can then be used in screening assessments to identify options whose desirability
can be established robustly in the face of uncertainty. Because it is not always possible to
know what options will be evaluated, simple characterizations of uncertainty can serve as
a starting point for later assessments of alternative options. In all cases, refinement of the
uncertainty characterization can proceed in an iterative fashion as needed to address either
more serious tradeoffs or the evaluation of options and tradeoffs that were not initially con-
templated. The key point is that the options to be evaluated drive the level of detail needed
in the assessment (see Chapter 3).

Advantages of Multiple Risk Characterizations

Presenting a full risk characterization for models other than the default confers several
benefits on the risk-assessment process. Retaining alternative risk estimates in the final risk-
assessment results gives the risk manager wider latitude to understand the tradeoffs among
the risk-management options. However, it is important that any evaluation of the range of
risk-assessment outcomes take into account EPA’s mandate to protect public health and the
environment. The committee recommends that EPA quantify the implications of using an
alternative assumption when it elects to depart from a default assumption. In particular, EPA
should describe how use of a default and the selected alternative influences the risk estimate
for the risk-management options under consideration. For example, if a risk assessment that
departs from default assumptions identifies chemical A as the lowest-risk chemical to use in
a production process rather than chemical B, it should also describe which chemical would
pose the lower risk if the default assumption were used.

It is important for EPA to emphasize that only one assumption deserves primary con-
sideration for risk characterization and risk management. If alternative assumptions are
presented as “comparably plausible,” the default must be highlighted and given deference.
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The proposed approach more completely characterizes the uncertainty in the resulting risk
estimate. As explained in Chapter 3, identifying the most appropriate course of action may
depend on the degree of uncertainty associated with a risk estimate. Under the framework
(Chapter 8), when there are multiple control options and multiple causal models, highlighting
the model uncertainty can facilitate finding the optimal choices. Clear standards for depar-
ture from defaults can provide incentives for third parties to produce research in that they
will know what data need to be produced that could influence the risk-assessment process.
Finally, the approach facilitates the setting of priorities among research needs as a necessary
component of value-of-information analysis (see Chapter 3).

CONCLUSIONS AND RECOMMENDATIONS

EPA’s current policy on defaults calls for evaluating all relevant and available data first
and considers defaults only when it is determined that data are not available or unusable.
It is not known to what extent that is practiced, in contrast with judging the adequacy of
available data to depart from a default. Whatever the case, defaults need to be maintained
for the steps in risk assessment that require inferences or to fill common data gaps. Criteria
are needed for judging whether, in specific cases, data are adequate to support a different
inference from the default (or whether data are sufficient to justify departure from a default).
The committee urges EPA to delineate what evidence will determine how it makes these
judgments, and how that evidence will be interpreted and questioned. Providing a credible
and consistent approach to defaults is essential to have a risk-assessment process to support
regulatory decision-making.

The committee provides the following recommendations to strengthen the use of defaults
in EPA:

e EPA should continue and expand use of the best, most current science to support or
revise its default assumptions. The committee is reluctant to specify a schedule for revising
these default assumptions. Factors EPA should take into consideration in setting priorities
for such revisions include (1) the extent to which the current default is inconsistent with
available science; (2) the extent to which a revised default would alter risk estimates; and
(3) the public health (or ecologic) importance of risk estimates that would be influenced by
a revision to the default.

e EPA should work toward the development of explicitly stated defaults to take the
place of implicit or missing defaults. Key priorities should be development of default ap-
proaches to support risk estimation for chemicals lacking chemical-specific information to
characterize individual susceptibility to cancer (see Chapter 5) and to develop a dose-re-
sponse relationship. With respect to chemicals that have inadequate data to develop a dose-
response relationship, information is currently available to make progress on cancer and a
limited number of noncancer end points. EPA should also begin developing methods that
take advantage of information already available in the U.S. or by international prioritiza-
tion programs with a goal of creating a comprehensive system over the next 10 to 20 years.
When necessary, EPA can prioritize efforts to target chemicals for which this information is
most likely to influence the estimated benefits of regulatory action.

e In the next 2-5 years, EPA should develop clear criteria for the level of evidence
needed to justify use of alternative assumptions in place of defaults. The committee recom-
mends that departure should occur only when the evidence of the plausibility of the alterna-
tive is clearly superior to the evidence of the value of the default. In addition to a general
standard for the level of evidence needed for use of alternative assumptions, EPA should
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describe specific criteria that must be addressed for use of alternatives to each particular
default.

e When none of the alternative risk estimates achieves a level of plausibility sufficient
to justify use in place of a default, EPA should characterize the impact of the uncertainty
associated with use of the default assumptions. To the extent feasible, the characterization
should be quantitative. In the next 2-5 years, EPA should develop criteria for the listing of the
alternative values, limiting attention to assumptions whose plausibility is at least comparable
with that of the plausibility of the default. The goal is not to present the multitude of pos-
sible risk estimates exhaustively but to present a small number of exemplar, plausible cases
to provide a context for understanding the uncertainty in the assessment. The committee
acknowledges the difficulty of assigning probabilities to alternative estimates in the face of
a lack of scientific understanding related to the defaults and acknowledges that much work
is needed to move toward a more probabilistic approach to model uncertainty.

e  When EPA elects to depart from a default assumption, it should quantify the im-
plications of using an alternative assumption, including describing how use of the default
and the selected alternative influences the risk estimate for risk-management options under
consideration.

e EPA needs to more clearly elucidate a policy on defaults and provide guidance on its
implementation and on evaluation of its impact on risk decisions and on efforts to protect
the environment and public health.
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INTRODUCTION AND DEFINITIONS

In the previous chapters, the committee proposed modifications of multiple risk-
assessment steps to provide better insight into the health risks associated with exposure to
individual chemicals, including characterization of uncertainty and variability. That reflects
the focus of many risk-assessment applications in the Environmental Protection Agency
(EPA) and elsewhere, which are often centered on evaluating risks associated with individual
chemicals in the context of regulatory requirements or isolated actions, such as the issuance
of an air permit for an industrial facility.

However, there is increasing concern among stakeholder groups (especially communities
affected by environmental exposure) that such a narrow focus does not accurately capture
the risks associated with exposure, given simultaneous exposure to multiple chemical and
nonchemical stressors and other factors that could influence vulnerability. More generally, a
primary aim of risk assessment should be to inform decision-makers about the public-health
implications of various strategies for reducing environmental exposure, and omission of the
above factors may not provide the information needed to discriminate among competing
options accurately. Without additional modifications, risk assessment might become irrel-
evant in many decision contexts, and its application might exacerbate the credibility and
communication gaps between risk assessors and stakeholders.

In part to address those complex issues, EPA has developed the Framework for Cumula-
tive Risk Assessment (EPA 2003a). Cumulative risk is formally defined as the combination of
risks posed by aggregate exposure to multiple agents or stressors in which aggregate exposure
is exposure by all routes and pathways and from all sources of each given agent or stressor.
Chemical, biologic, radiologic, physical, and psychologic stressors are all acknowledged as
affecting human health and are potentially addressed in the multiple-stressor, multiple-effects
assessments (Callahan and Sexton 2007). Cumulative risk assessment is therefore defined as
analysis, characterization, and possible quantification of the combined risks to health or the
environment posed by multiple agents or stressors (EPA 2003a).
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As noted recently (Callahan and Sexton 2007), there are four key differences between
EPA’s cumulative risk-assessment paradigm and traditional human health risk assessments:

e  Cumulative risk assessment is not necessarily quantitative.

e  Cumulative risk assessment by definition evaluates the combined effects of multiple
stressors rather than focusing on single compounds.

e Cumulative risk assessment focuses on population-based assessments rather than
source-based assessments.

e  Cumulative risk assessment extends beyond chemicals to include psychosocial, physi-
cal, and other factors.

In addition, an explicit component of the cumulative risk-assessment paradigm defined
by EPA involves an initial planning, scoping, and problem-formulation phase (EPA 2003a),
which the committee previously proposed as an important component of any risk assessment
in Chapter 3. That involves bringing risk managers, risk assessors, and various stakehold-
ers together early in the process to determine the major factors to be considered, the deci-
sion-making context, the timeline and related depth of analysis, and so forth. Planning and
scoping ensure that the right questions are asked in the context of the assessment and that
the appropriate suite of stressors is considered (NRC 1996).

The committee acknowledges the conceptual framework and broadened definitions of
cumulative risk assessment as constituting a move toward making risk assessments more
relevant to decision-making and to the concerns of affected communities. Many components
of cumulative risk assessment (such as planning and scoping or explicit consideration of
vulnerability) should be considered as standard features of any risk assessment in principle.
In practice, however, EPA assessments conducted today can fall short of what is possible
and what is supported by the agency’s framework, and this chapter is directed at improve-
ments in agency practice.

The chapter considers in detail some of the specific reasons why cumulative risk assess-
ment might be needed, because the risk-management needs will inform necessary revisions
of the analytic framework. First, even if the regulatory decision of interest were related to
strategies to address a single chemical with a single route of exposure, consideration of other
compounds and other factors may be necessary to inform the decision. Ignoring numerous
agents or stressors that affect the same toxic process as the chemical of interest and omitting
background processes could lead to risk assessments that, for example, assume population
thresholds in circumstances when such thresholds may not exist. That issue has been largely
addressed in Chapter § in relation to the need to evaluate background exposure and vulner-
ability factors to determine the likelihood that these factors could “linearize” an otherwise
nonlinear mode of action (MOA). We do not treat this issue in further detail in this chapter
other than to note that it is a crucial component of cumulative risk assessment and that it
leads to potentially important exposure-assessment and epidemiologic and toxicologic data
requirements.

Second, as alluded to above, the types of questions that are increasingly being asked of
EPA require the tools and concepts of cumulative risk assessment. Communities concerned
about environmental toxicants often wish to know whether environmental factors can ex-
plain observed or hypothesized disease trends or whether specific facilities are associated with
important health burdens (and whether specific interventions could reduce those burdens).
The relevance of standard risk-assessment methods in settings with vulnerable populations
and multiple coexposures is being challenged by stakeholders, especially those with concerns
about environmental justice (Israel 1995; Kuehn 1996). Addressing those issues requires an

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

IMPLEMENTING CUMULATIVE RISK ASSESSMENT 215

ability to evaluate multiple agents or stressors simultaneously—to consider exposures not
in isolation but in the context of other community exposures and risk factors. In addition,
many of the decisions faced by EPA and other stakeholders involve tradeoffs and complex
interactions among multiple risk factors, and any analytic tool must be able to address these
factors reasonably.

Although we propose in this chapter some modifications of the framework and practice
of cumulative risk assessment to help EPA and other stakeholders to determine high-risk
populations and discriminate among competing options, we recognize that the topic of
cumulative risk assessment raises important questions about the bounds between risk as-
sessment and other lines of evidence that may inform risk-related decisions. As the number
and types of stressors and end points under consideration increase, decisions must be made
about which dimensions should be considered as components of risk assessment as defined
and used by EPA and others and which dimensions should be considered as ancillary in-
formation that can inform risk-management decisions but not considered as a components
of risk assessment itself. That is in part a semantic distinction, but defining the bounds will
be important in articulating recommendations for improving risk-analysis methods in EPA.
Similarly, decisions must be made about the levels of complexity and quantification necessary
for a given cumulative risk assessment in light of the decision context. This chapter empha-
sizes methods that can allow for the quantification of human health effects associated with
exposure to chemical and nonchemical stressors, but we note that cumulative risk assessment
can involve qualitative analyses and is not necessarily quantitative (EPA 2003a; Callahan
and Sexton 2007), given that such analyses may be sufficient at times to discriminate among
competing risk-management options.

Another boundary issue involves the contexts in which cumulative risk assessment would
be able to yield useful information. Some of the questions that communities or other stake-
holders are concerned about cannot and should not be answered by risk assessment even if
refined techniques addressing cumulative risks are used. For example, questions like “What
are the sources of environmental contaminants in our community that may be causing the
most health problems?” or “What intervention strategies that we can adopt would most
improve community health?” can be answered in principle with risk-assessment methods,
but questions like “Should yet one more polluting facility be sited in our community?” or
“Should there be mitigation because this low-income population lives much closer to sources
of environmental contaminants than high-income populations?” are broader questions than
can be answered by cumulative risk assessment alone. Clarifying the types of questions that
cumulative risk assessment can and cannot answer but can support will be important in
refining the cumulative risk-assessment tools and considering complementary analyses to
aid in decision-making.

In this chapter, we briefly discuss some key settings in which cumulative risk assess-
ment has been developed and applied in EPA, focusing on the problem context, the analytic
methods used, and refinements that may be warranted. We consider proposed approaches
derived from such fields as ecologic risk assessment and social epidemiology to construct
cumulative risk models in the light of numerous stressors or end points, while maintaining
focus on decisions relevant to EPA. We conclude by providing some specific guidance about
how the committee believes that cumulative risk assessment needs to be developed further,
including the use of clear and consistent terminology; methods to incorporate interactions
between chemical and nonchemical stressors; the use of biomonitoring, epidemiologic, and
surveillance data; the need to develop simpler analytic tools to support more wide-rang-
ing analyses; and the related need to engage stakeholders throughout the cumulative risk-
assessment process.
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HISTORY OF CUMULATIVE RISK ASSESSMENT

The formal cumulative risk-assessment framework at EPA was developed recently, but
relevant activity has occurred for decades. This historical overview is not meant to be ex-
haustive but rather aims to illustrate some of the different ways in which cumulative-risk
issues have been addressed at different times in different offices in EPA.

One of the early applications of cumulative risk assessment in EPA was in the context of
the Superfund program. Given the focus on specific hazardous-waste sites rather than single
compounds, risk assessments need to capture the health effects of simultaneous exposures.
EPA issued guidance documents focused on methods for addressing chemical mixtures (EPA
1986), which were relatively undetailed but established the general approach of first look-
ing for evidence of health effects of the mixture of concern, then considering effects of a
similar mixture if no such information were available, then addressing pairwise interactions
if data were available, and finally presuming additivity if none of the prior information was
available. The 1986 guidelines also distinguished between dose additivity (appropriate if
the compounds of interest had the same MOA and the same health effects) and response
additivity (which presumes independent MOAs). Data were available on some complex
mixtures, such as diesel emissions and polychlorinated biphenyls, or mixtures similar to
them; but in the majority of cases, dose additivity when the same MOA could be assumed
was the default. Analyses of chemical mixtures constitute only one component of cumula-
tive risk assessment, and the Superfund risk assessments did not extend beyond this realm,
but the early assessments helped to establish the rationale and framework for consideration
of multiple stressors.

Similarly, the 1996 amendments to the Safe Drinking Water Act required consideration
of chemical mixtures in drinking water by explicitly stating that EPA shall conduct studies
that “develop new approaches to the study of complex mixtures . . . especially to determine
the prospects for synergistic or antagonistic interactions that may affect the shape of the
dose-response relationship of the individual chemicals or microbes” (Pub. L. No. 104-182,
104th Cong. [1996]). These approaches have been most commonly applied to disinfection
byproducts (DBPs): characterization of multiple routes of exposure to multiple DBPs with the
same MOA, physiologically based pharmacokinetic models for each individual DBP, and risk
characterization that used relative potency factors to aggregate across constituents (Teuschler
etal. 2004). Although aggregate exposure assessments have been thoroughly constructed and
the combination of dose addition for chemicals with similar MOAs and response addition
for mixtures with different MOAs helped to expand the scope of the assessments, the scope
of cumulative risk assessment did not consider nonchemical stressors, and insight about
synergistic or antagonistic effects remained minimal. Uncertainty quantification was also
minimal, and variability was characterized for some components of the risk assessment (such
as heterogeneity in food and water consumption) but not others (such as vulnerability).

An important recent example of cumulative risk assessment was related to the Food
Quality Protection Act (FQPA), which explicitly required EPA to assess aggregate exposures
to pesticides across multiple exposure routes and to consider the cumulative effects of ex-
posures to pesticides with the same MOAs (Pub. L. No. 104-170, 104 Cong. [1996]). Key
work completed to date has included a cumulative risk assessment of organophosphorus
(OP) pesticides (EPA 2006a). Given the fact that the OP pesticides have a common MOA
(inhibition of cholinesterase activity), a cumulative assessment of all pesticides in the family
was used. Components of the analysis that deviated from single-chemical risk assessment
included consideration of coexposures through various exposure pathways (that is, in the
case of a given food item, which pesticides are likely to be found together), consideration
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of aggregate exposures across multiple pathways, and calculation of relative potency fac-
tors to allow cumulative noncancer hazard indexes to be calculated. That work produced
among the most detailed and comprehensive cumulative risk assessments conducted to date.
However, no evidence was available to determine potential deviations from dose additivity,
to incorporate pharmacokinetics explicitly into the dose-response assessment, or to consider
interactions with nonchemical stressors or vulnerability other than mandated safety factors
of 10 for infants and children. In addition, uncertainty quantification was not extensive, and
the focus on margin-of-exposure calculations for individual routes of exposure makes it dif-
ficult to quantify the magnitude of harm at various exposure levels (as discussed in Chapter
5). As a general point, most publications in the peer-reviewed literature related to cumulative
risk assessment have focused on pesticide health risks both because of the structure of the
FQPA and because of availability of data on pesticides.

A final example of cumulative risk assessment in EPA is the National-Scale Air Toxics
Assessment, an attempt to estimate the cancer and noncancer health effects of joint exposure
to air toxics across the United States. The most recent assessment (EPA 2006b) considered
177 air toxics, used atmospheric-dispersion models to estimate concentrations on the basis
of a national emissions inventory, linked the concentrations to population exposure, and
estimated health risks. Cancer risks were calculated individually for each compound, given
inhalation unit risks from EPA’s Integrated Risk Information System database and other
resources; synergistic and antagonistic effects were not considered. Noncancer effects were
determined by estimating reference concentrations (RfCs) and adding the hazard quotients of
individual compounds that had similar adverse health effects (not necessarily similar MOAs).
Thus, the analysis clearly captured multiple agents or stressors, but, like the previous appli-
cations, did not introduce evidence beyond simple additivity, did not consider nonchemical
stressors or vulnerability, and did not provide extensive insight about uncertainties. The study
is also an example of the importance of characterizing exposures to multiple compounds
in the current and modified noncancer risk-assessment frameworks: acrolein concentrations
exceeded the RfC for a majority of the U.S. population, and this implies that other respira-
tory irritants (in spite of being below their individual RfCs) were considered to contribute
to population health risks.

Thus, in part because of the risk-management questions and regulatory issues historically
facing EPA, cumulative risk assessments to date have largely focused on aggregate exposure
assessment and have generally not considered nonchemical stressors. However, in segments
of EPA and the stakeholder community interested in environmental justice, discussions about
cumulative risk assessment have focused on different dimensions of the methodology and
extended beyond aggregate chemical-exposure issues. For example, a 2004 National Envi-
ronmental Justice Advisory Council (NEJAC) report provided guidance about the short-term
and long-term actions that EPA should take to implement the concepts in its Framework for
Cumulative Risk Assessment with a focus on environmental justice (NEJAC 2004; Hynes
and Lopez 2007). Among the important insights in the report were

e The need to distinguish between cumulative risks and cumulative impacts; although
the report does not formally define these terms, both are mentioned explicitly throughout.

e The importance of considering nonchemical stressors in the context of a community
assessment.

e  The significance of vulnerability as a critical component of cumulative risk assess-
ment, including differential sensitivity and susceptibility, differential exposure, differential
preparedness to respond to an environmental insult, and differential ability to recover from
the effects of an insult or stressor.
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e The significance of community-based participatory research to implement cumula-
tive risk assessment, both for capacity-building and to incorporate local data and knowledge
into the analysis.

e The need to avoid analytic complexity that seriously delays decision-making and,
in parallel, the value of efficient screening and priority-setting tools that can be used by all
stakeholders and the necessity of qualitative information in domains where quantitative as-
sessment is not likely in the near term.

The NEJAC report emphasized risks to communities, so some of the components (such
as community-based participatory research) may not be applicable to national-scale or other
broad-based cumulative risk assessments. Although cumulative risk assessment and com-
munity-based risk assessment have many features in common, they are not identical. Other
components emphasized in the NEJAC report (such as explicit consideration of vulnerabil-
ity and having a level of analytic complexity appropriate for the decision context) can be
generalized beyond cumulative risk assessment to all forms of risk assessment, as stated in
earlier chapters (such as Chapters 3 and 5). Regardless, the NEJAC report emphasized that
multiple stakeholders perceive that the potential of cumulative risk assessment as articulated
by EPA has not yet been met, primarily because many of the dimensions beyond aggregate
chemical exposure assessment have not been formally incorporated.

Related to those issues are recent efforts at EPA to develop tools and techniques for com-
munity-based risk assessment, including assessment in the Community Action for a Renewed
Environment program (EPA 2008a). Resources and simplified approaches for risk-based
priority-setting are made available to communities (EPA 2004), but the approaches do not
yet consider key dimensions of cumulative risk, such as nonchemical stressors, vulnerability,
or multiple routes of exposure.

A final setting outside EPA in which the general concepts of cumulative risk assessment
have been applied is the assessment of the global burden of disease related to environmental
and other risk factors. It may not be directly relevant to EPA, given the primary focus on mul-
tifactorial global risk rankings (including many nonenvironmental stressors), but it provides
some additional lessons related to the analytic challenges and potential information value
of assessments that consider an array of diverse risk factors. As articulated by Ezzati et al.
(2003), these global burden of disease analyses estimate the population attributable fractions
associated with various risk factors, defined as the proportional reductions in population
disease or mortality that would occur if exposure to a given risk factor were reduced to an
alternative exposure scenario. The risk factors in question are as varied as diet, physical ac-
tivity, smoking, and environmental and occupational exposures. Given the number of factors
considered and the desire to develop indicators applicable to numerous countries (Ezzati et
al. 2003), the methods used in connection with any individual risk factor were relatively
simple. For example, the burden of disease associated with urban air pollution was estimated
on the basis of particulate-matter concentrations, and the concentration-response function
from a cohort mortality study in the United States was applied to all countries included in
the analysis. The analytic methods took account of potential interactions between risk factors
and distinguished between situations in which the direct effects of a risk factor are mediated
through intermediate factors, in which effect modification occurs, and in which effects may
be independent but exposures may be correlated. The analyses demonstrated approaches in
which relatively simplified exposure and dose-response assessment could be applied to yield
insight about relative contributions to disease patterns and approaches by which interactions
among risk factors could be considered. However, it is important to note the considerable
opportunities for mischaracterization of factors when attributable-risk methods are used
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(Cox 1984, 1987; Greenland and Robins 1988; Greenland 1999; Greenland and Robins
2000), and these issues may grow in significance when the marginal benefits of control
strategies are considered.

In conclusion, cumulative risk assessment has been applied in EPA and elsewhere in an
increasing number of contexts over the past two decades, and, given the recent development
of the Framework for Cumulative Risk Assessment and growing interest in numerous arms
of EPA, the applications are expected to grow. The studies have generally been thorough
in modeling distributions of aggregate exposures (albeit with limited characterization of
uncertainty), and the approach to evaluate cumulative risk posed by multiple chemicals
with similar MOAs has been developed reasonably as well (although with generally modest
treatment of synergistic and antagonistic effects). However, cumulative risk assessments have
generally not yet reached the potential implied by the stated definition; there has been less
than optimal formal consideration of nonchemical stressors, aspects of vulnerability, back-
ground processes, and other factors that could be of interest to stakeholders concerned about
effects of cumulative exposures. Stakeholder involvement has not been as comprehensive as
guidelines would indicate would be optimal in most of the above applications, and the tools
have not yet been developed to allow communities to engage in even simplified cumulative
risk assessment (screening methods are generally restricted to single media and standard risk-
assessment practice). Cumulative risk assessment has also been used to determine the risks
posed by baseline exposures rather than the benefits of various risk-management strategies,
and this use has implications for the methods developed and their interpretations.

Some of the omissions can be attributed to the fact that formal consideration of nu-
merous simultaneous chemical, physical, and psychosocial exposures with evaluation of
background disease processes and other dimensions of vulnerability could quickly become
analytically intractable if the standard risk-assessment paradigm is followed, both because of
the computational burden and because of the likelihood that important exposure and dose-
response data will be missing. That points toward the need for simplification of risk-assess-
ment tools in the spirit of iterative risk assessment, and it emphasizes that cumulative human
health risk assessment could learn a great deal from such fields as ecologic risk assessment
and social epidemiology, which have had to grapple with similar issues related to evalua-
tion of the effects of numerous stressors on defined populations or geographic areas. The
expanded scope of cumulative risk assessment that would be theoretically desired includes
many elements outside EPA’s standard practice, expertise, and regulatory functions, so there
is clearly a need to define carefully how nonchemical stressors and aspects of vulnerability
should most appropriately be considered. The following sections present approaches that can
be used to expand the scope of cumulative risk assessment while keeping in mind the need
for timeliness and EPA’s regulatory mandates, in part by developing screening tools and by
orienting analyses around well-defined risk-management objectives.

APPROACHES TO CUMULATIVE RISK ASSESSMENT

From the definitions and examples above, it is clear that cumulative risk assessment has
a broad scope and an extremely ambitious mandate. In fact, it is difficult to imagine any
risk assessment in which it would not be important to understand the effects of coexposures
to agents or stressors that have similar MOAs (as articulated in Chapter 5) or to identify
characteristics of the affected populations that could contribute to vulnerability to a given
exposure. That is salient in a context of risk management, in which numerous chemical
and nonchemical stressors could be simultaneously affected. The critical challenge from
the perspective of the risk assessor is to devise an analytic scope and a level of complexity
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that are appropriate to the context in which cumulative risk assessment is used. Following
some of the approaches outlined below could allow EPA to incorporate the aforementioned
dimensions of cumulative risk assessment.

A few general approaches have been proposed in the literature; the most appropriate
approach clearly is driven by the problem and decision context. Using approaches from
ecologic risk assessment, Menzie et al. (2007) develop one type of application, an effects-
based assessment. In this case, epidemiologic analyses or general surveillance data provide
an indication that a defined population may be at increased risk, and the objective of the
analysis is to determine which stressors influence the observed effects. An effects-based as-
sessment is retrospective, so it does not fit neatly into a risk-management framework in which
various control options are being weighed; but there are contexts in which strategies would
be developed around specific end points, and many of the methods could be generalized to
other approaches (including stressor-based assessments, as described below).

Menzie et al. recommend that risk assessors begin with a conceptual model that considers
the subset of stressors that are plausibly associated with the health outcomes or other effects
of interest. That step would dovetail with the proposed MOA assessment steps proposed
in Chapter 5, including MOA evaluation, background and vulnerability assessment, and
selection of a conceptual model, but beginning with the health outcome rather than the in-
dividual chemical. The next step proposed by Menzie et al. would be a screening assessment
to determine a manageable number of factors that are most likely to contribute substantially
to the observed effects; this is based in part on simple comparisons with reference values
or discussions with stakeholders, and it may be a crucial element of the planning and scop-
ing for the analysis. Stressors are then evaluated individually, then in combination without
consideration of interactions, and finally with consideration of interactions and a reliance in
part on standard epidemiologic techniques. Although many characteristics are shared by this
approach and epidemiologic assessment, this is not identical with proposing that a formal
site-specific epidemiologic investigation be conducted. In many community circumstances,
epidemiologic investigations will not have adequate statistical power to link defined environ-
mental exposures with observed health outcomes. However, epidemiologic concepts could
be useful in framing the analysis and providing insight into the subset of stressors that merit
more careful consideration, and knowledge could be leveraged from previously conducted
epidemiologic studies. The primary value of this approach is that it emphasizes the need for
characterization of coexposures and background processes that could influence the health
outcomes of interest and the need to conduct initial screening assessments to construct an
analytically tractable model.

A more common approach to risk management would be a stressor-based assessment,
in which the cumulative risk assessment is initiated not by questions about the stressors that
may explain observed or hypothesized health effects but by questions about the effects that
may be associated (generally in a prospective assessment) with a defined set of stressors. A
stressor-based assessment would often arise in a source-oriented analysis, in which stakehold-
ers wish to assess the effects of a source (or the benefits of control strategies that address
the source) but want to take account of the full array of chemical and nonchemical stressors
that have similar health effects. The framework proposed (Menzie et al. 2007) begins with
a conceptual model and involves a screening assessment followed by consideration of indi-
vidual stressors followed by interactions among stressors, but a stressor-based assessment
begins with the stressors and identification of the populations and end points that would
be influenced by them. The MOA assessment steps outlined above would be central to this
process, in that they would help to characterize the end points of interest, the related stress-
ors, and factors that could influence variability in response to the stressors.
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An important modification in the approach to cumulative risk assessment that could
potentially alleviate some of the analytic challenges would involve an orientation around
evaluation of risk-management options rather than characterization of problems (see Chapter
8 for a more extensive discussion of this proposed framework). The approaches presented
above and most previous case examples would help to determine which stressors are of
greatest concern with respect to a defined outcome in a defined subpopulation or what the
burden of disease is in the context of simultaneous exposure to a number of stressors. How-
ever, cumulative risk assessment would be most valuable to both communities and decision-
makers when it can provide information about the health implications of alternative control
options. For example, a community may be choosing among alternatives for drinking-water
disinfection, and it would be important to consider the effects of the changes in concentra-
tions of all disinfection byproducts jointly, to consider simultaneous exposure to a number
of waterborne pathogens, to consider all routes of exposure to key compounds of interest,
and to identify vulnerable populations. Many of the analytic tools would be similar, but in
a decision context different factors may be correlated or affected on the margin from those
when baseline conditions are considered, and the stressors that are important to include
may also differ. In other words, it is important to include a stressor only to the extent that
it will influence the estimated benefits of a control strategy either in its estimation or in its
interpretation. In principle, focusing on stressors relevant to risk-management strategies will
help to ensure that analyses are aligned with EPA’s mandated focus on chemical or biologic
stressors while acknowledging the influence of nonchemical stressors. A modified version
of the stressor-based paradigm from Menzie et al. oriented around discriminating among
risk-management options is presented in Table 7-1.

Following that approach would have multiple fringe benefits. For example, evaluating
background exposures and vulnerability factors will not only allow cumulative risk assess-
ment after the committee’s proposed revisions to the cancer and noncancer dose-response
assessment paradigm (Chapter 5) but will also provide information that can be used in
environmental-justice analyses focused on inequality in outcomes and help to bring risk
assessment and environmental justice into a single analytic framework (Levy et al. 2006;
Morello-Frosch and Jesdale 2006). The geospatial components of the exposure and vulner-
ability assessment could be mapped to communicate key information to stakeholders, who
would be engaged throughout the analytic process in a community risk setting. Most im-
portant, as alluded to above, the approach would potentially result in a need to model only
a subset of stressors formally; the remainder would contribute to a general understanding
about background processes but would otherwise not need to be quantitatively characterized
to determine the benefits of risk-management options.

In spite of the benefits, there clearly are limitations of both the bottom-up stressor-
based and top-down effects-based approaches. In cumulative risk assessment, the scope
and complexity of the problem can quickly exceed the capacity of stressor-based analyses,
although the approach outlined above can help to maintain focus on the key stressors. Given
the analytic challenges, there is a temptation to think that effects-based analyses would be
more practical even though risk-management decisions are often stressor-based. However,
the size and subtlety of the effects are generally beyond the reach of standard epidemiologic
tools. The relative influence of stressor-based vs effects-based analyses clearly will depend
on the problem framework, including the decision context and the geographic scale of the
analysis.

In addition, although the proposed approaches provide guidance on how a complex
system can be systematically evaluated to develop an analytically tractable cumulative risk
assessment, data limitations may make quantitative analyses impractical for some cumula-
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TABLE 7-1 Modified Version of Stressor-Based Cumulative-Risk-Assessment Approach

from Menzie et al. (2007) Oriented Around Discriminating among Risk-Management
Options

Step 1:

e Develop a conceptual model for the stressors of primary interest for the analysis (stressors that
would be significantly influenced by any of the risk-management options under study). The model
includes an MOA assessment, an assessment of background exposures to chemical and nonchemical
stressors that may affect the same health outcome, and a vulnerability assessment that takes into account
underlying disease processes in the population to which the chemicals in question may be adding.

o Identify the receptors and end points affected by these stressors.

e Review the conceptual model and stressors, receptors, and end points of interest with stakeholders
in initial planning and scoping.

Step 2:

e Use epidemiologic and toxicologic evidence and screening-level benefit calculations to provide
an initial evaluation of which stressors should be included in the cumulative risk assessment. Gather
stakeholder feedback and review and re-evaluate planning and scoping for the analysis.

e Focus the assessment only on stressors that contribute to end points of interest for risk-
management options (for example, stressors that contribute significantly to monetized benefits in benefit-
cost analyses or stressors that influence an identified high-risk subpopulation) and are either differentially
affected by different control strategies or influence the benefits of stressors that are differentially affected.

Step 3:

e Evaluate the benefits of different risk-management options with appropriate characterization of
uncertainty, including quantification of the effects of individual stressors and bounding calculations of
any possible interaction effects.

Step 4:

e If Step 3 is sufficient to discriminate among risk-management options given other economic, social,
and political factors, conclude the analysis; otherwise, sequentially refine the analysis as needed, taking
into account potential interactions among stressors.

tive risk assessments. In ecologic risk assessment, a rank-oriented approach has been used
in a relative-risk model (RRM) to account for the fact that addressing cumulative effects of
multiple chemical and nonchemical stressors may not otherwise be viable. The RRM was
developed to evaluate simultaneously and comparatively the risk posed by multiple, dis-
similar stressors to multiple receptors in heterogeneous environments on landscape scales.
It was first developed in 1997 for an ecologic risk assessment of chemical stressors at Port
Valdez, AK (Landis and Wiegers 1997) and later applied successfully to other risk assess-
ments of ecosystems on various scales and with other stressors and end points (Landis et
al. 2000; Obery and Landis 2002). One of its specific strengths is an ability to incorporate
stakeholders’ values readily in evaluating risks in multiple geographic areas with multiple
stressors, habitats, and receptors. Although originally designed for ecologic concerns, risk
to humans can be readily accommodated in its flexible framework.

Similarly, in the realm of social epidemiology, the complexities of simultaneous expo-
sures to numerous physical and social environmental factors have been addressed in some
applications with cumulative risk models based on summing dichotomous classifications
(for example, 1 if more than one standard deviation above the mean for a given risk factor,
otherwise 0) for numerous risk factors of interest. Those indicators are acknowledged as not
capturing the relative weights of the various factors, but they avoid the need for numerous
multiplicative interaction models and have been shown to be more predictive of health end
points than single-risk-factor models (Evans 2003). When data are sufficient, more refined
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approaches based on relative risks rather than simply distributions of exposures may be
useful.

A disadvantage of the approaches is their focus on ranking and scoring systems where
weights do not necessarily correspond with relative risks, which can be difficult to interpret
in situations where different risk-management strategies lead to different combinations of
risk factor reductions without one strategy leading to greater reductions for all risk factors.
Practices that move away from quantitative risk characterizations within a core component
of risk assessment should be considered and implemented judiciously because the applica-
bility and interpretability of the resulting assessments in a decision context can be severely
limited. At a minimum, ranking approaches should be evaluated for their sensitivity to key
input assumptions, and in settings where quantitative information is available, these ap-
proaches could be helpful in initial assessments for organizing information and determining
whether a solution can be easily chosen or more complex analysis is needed to distinguish
among options.

KEY CONCERNS AND PROPOSED MODIFICATIONS

The EPA cumulative risk-assessment paradigm recognizes an important issue and pro-
vides a useful conceptual framework, but substantial logistical barriers remain, and some
core issues are largely unaddressed by the current framework. For example, as articulated
by EPA (2003a), that about 20,000 pesticide products are on the market and 80,000 exist-
ing chemicals are on the Toxic Substances Control Act inventory makes it impractical to
try to account for all relevant synergisms and antagonisms. More broadly, cumulative risk
assessment requires extensive information beyond chemical toxicity and MOAs, including
aggregate exposure data and information on population characteristics and nonchemical
stressors. Therefore, EPA concludes in its Framework for Cumulative Risk Assessment that
“identification of critical information and research needs may be the primary result of many
cumulative risk assessment endeavors” (EPA 2003a, p. xii).

That statement may be correct, and it does reflect one important aim of risk assessment
(to provide insight about key uncertainties that should be addressed to discriminate among
risk-management options), but it implies that cumulative risk assessment would be largely
uninformative for near-term decision-making, and this is a matter of concern, given the
salience of the questions asked by cumulative risk assessment from the perspective of many
stakeholders. The committee feels that the conclusion understates the value of less complex
but more wide-ranging risk assessments and ignores the fact that an analysis focused on
specific mitigation measures in a community will potentially have a more narrow scope
than an attempt to characterize relative contributors to the burden of disease (as described
in Table 7-1). That is, although there may be numerous theoretical combinations of expo-
sures, only a subset will be relevant in choosing among various intervention options for a
well-defined problem.

We propose below a series of short-term and long-term efforts, focusing on measures
that could enhance the utility of cumulative risk assessment in the context of environmental
decision-making.

Clarification of Terminology

Although the definition of cumulative risk assessment as articulated by EPA is compre-
hensive and well crafted, the fact that a cumulative risk assessment as defined (including
nonchemical stressors and vulnerability) has never been done in the agency raises questions
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about whether the definition is practical in the near term without some modifications of
current practice. The Framework for Cumulative Risk Assessment was published relatively
recently, but research and regulatory action related to cumulative risks have been conducted
for decades without much advancement beyond chemical stressors in a small number of
contexts. In addition, the ways in which cumulative risk assessment is being considered vary
greatly among offices in EPA and among different stakeholder groups, and this indicates the
need for greater clarity in its aims and scope.

We propose that EPA explicitly define and maintain a conceptual distinction among
cumulative risk assessment, cumulative impact assessment, and community-based risk as-
sessment, which overlap but are conflated in many discussions. The terms have been defined
(CEQ 1997) and recently discussed (NEJAC 2004), but a clear and consistent delineation of
EPA’s interpretation of the boundaries and degree of overlap would help to reduce confusion
about the intended scope of any given assessment.

The committee proposes that cumulative risk assessment be defined as evaluating an
array of stressors (chemical and nonchemical) to characterize—quantitatively to the extent
possible—human health or ecologic effects, taking account of such factors as vulnerability
and background exposures. Cumulative impact assessment would consider a wider array of
end points, including effects on historical resources, quality of life, community structure, and
cultural practices (CEQ 1997), some of which may not lend themselves to quantification fol-
lowing the Risk Assessment in the Federal Government: Managing the Process (NRC 1983;
the Red Book) paradigm and are beyond the scope of the present report. Community-based
risk assessment would follow the practices and principles of community-based participatory
research (CBPR), involving active engagement of the community throughout the entire as-
sessment process (Israel et al. 1998).

Although those are conceptually distinct definitions, there will be overlaps in practice.
For example, it will often be desirable to use CBPR approaches in cumulative risk assess-
ments, although in principle a community-based risk assessment might not address cumula-
tive risks, and a cumulative risk assessment (such as the pesticide analyses under the FQPA)
may not always follow CBPR approaches. Similarly, caumulative impact assessments would
generally include the outputs of cumulative risk assessment and other considerations; but,
depending on the nature of the decision, the quantitative cumulative risk component may
have more or less significance in a cumulative impact assessment.

The definition of cumulative risk assessment above is meant to be functionally identical
with that of cumulative risk assessment in the Framework for Cumulative Risk Assessment
(EPA 2003a) and that of cumulative impact assessment! by the California Environmental
Protection Agency (CalEPA 2005). This difference in nomenclature further emphasizes the
need for clear definitions. In addition, although it is preferable to have quantitative informa-
tion as the primary health risk-assessment output, it will often be useful to provide qualitative
information about potential health effects when risks cannot be fully quantified and to have
terminology that distinguishes the full discussion of possible health effects from the myriad
other effects that may be considered in a cumulative impact assessment and that may be
important for a decision at hand.

We further propose that EPA apply the term cumulative risk assessment only to an

1As defined by the California EPA, cumulative impact means exposures, public health, or environmental ef-
fects from the combined emissions and discharges in a geographic area, including environmental pollution from
all sources, whether single or multi-media, routinely, accidentally, or otherwise released. Impacts will take into
account sensitive populations and socio-economic factors, where applicable and to the extent data are available
(CalEPA 2005).
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analysis that considers in some capacity all the components mentioned in EPA’s definition
of cumulative risk assessment. An analysis that does not consider nonchemical stressors,
that considers only a subset of routes and pathways of exposure, or that does not consider
vulnerability should not be termed a cumulative risk assessment. This does not imply that
all cumulative risk assessments will formally quantify all of these dimensions - if an initial
screening assessment or qualitative examination demonstrates that it is not necessary to
consider nonchemical stressors, vulnerability, or specified routes of exposure given a de-
fined decision context, they need not be included in the final assessment for it to be deemed
a cumulative risk assessment. That may appear to be a largely semantic distinction, but
it emphasizes the primary aims and objectives of cumulative risk assessment and would
encourage EPA and other investigators to develop methods to address the aforementioned
elements when relevant to a regulatory decision. The committee recognizes that these modi-
fied definitions may run counter to the language in the FQPA and elsewhere; this may make
redefinition impractical in the near term, but this inconsistency within the agency reinforces
the need for greater clarity. Following these modified definitions, many of the previous as-
sessments by EPA and others would be more appropriately termed mixture risk assessments,
inasmuch as they consider aggregate exposures to multiple chemicals in the same family but
do not consider other components mentioned above. To be clear, this does not imply that
such assessments were not well done or informative for policy decisions, as analyses of the
effects of chemical mixtures can have great utility, but simply that they do not answer the
same questions asked by cumulative risk assessment.

More generally, EPA should emphasize that even cumulative impact assessment cannot
by itself bridge the gap between community concerns about environmental risks and deci-
sions made by EPA and other stakeholders. Some communities are concerned principally
about the cumulative burden of environmental exposures or the local burden of disease, but
others may be more concerned about unfairness in siting processes, ensuring that low-socio-
economic-status (low-SES) communities are at the table with other stakeholders articulating
their concerns, and so forth. Some of those concerns can be addressed through cumulative
impact assessment, but not all of them. EPA should recognize that cumulative impact assess-
ment has the potential to greatly inform concerns related to outcomes but cannot by itself
address concerns about process (although, as articulated later, stakeholder involvement is a
crucial component of cumulative risk assessment and cumulative impact assessment, which
could help to address some process concerns). The clarification about the decision contexts
in which cumulative impact assessment will and will not be useful should provide more
realistic expectations on the part of all stakeholders.

Integrating Nonchemical Stressors

In spite of the fact that cumulative risk assessment by definition considers psychosocial,
physical, and other factors, no cumulative risk assessments by EPA have formally incorpo-
rated nonchemical stressors. That may be in large part because data have been inadequate
and because many nonchemical stressors are beyond EPA’s regulatory mandate, but the
omission means that cumulative risk assessment has a much narrower scope than originally
expected or desired by many stakeholders. Moreover, as illustrated in the global analyses of
burden of disease described above, data are available on the effects of a number of dietary,
physical, and psychosocial risk factors, and extensive exposure data are available on many
of these stressors. In addition, ecologic risk assessments commonly apply methods that si-
multaneously consider numerous chemical and nonchemical stressors in a single assessment
in spite of the complexity of the system and the limitations of data availability. In this sec-
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tion, we give examples of some data sources that EPA could use to incorporate nonchemical
stressors and use a case example to demonstrate the utility of a cumulative risk assessment
that includes nonchemical stressors.

An initial recommendation is that EPA develop databases and default approaches that
would allow the incorporation of key nonchemical stressors in the absence of popula-
tion-specific data. From an exposure perspective, a parallel effort would be the Exposure
Factors Handbook (EPA 1997), which synthesizes extensive data from disparate sources
to allow default estimates of activity patterns and intake rates for defined subpopulations.
EPA should work to synthesize and develop datasets related to exposures to nonchemical
stressors that influence similar health end points as key chemical stressors to allow these
factors to be readily incorporated into cumulative risk assessments in settings where popula-
tion-specific assessment is infeasible or impractical. Emphasis should be on characterization
of distributions for key subpopulations and on evaluation of correlations between factors to
allow more realistic assessments. For some factors (for example, smoking, diet, and alcohol
consumption), extensive data are already available from other sources, such as the National
Health and Nutrition Examination Survey (NHANES), but would need to be compiled and
processed in a format suitable for cumulative risk assessment. For example, cumulative risk
assessments may require information about correlations between exposures to chemical and
nonchemical stressors (cross-sectional or longitudinal), which may not generally be calcu-
lated and compiled for other purposes. Factors such as temperature and humidity (which
may interact with air pollution effects) and various infectious agents would similarly have
readily-available data sets which may require additional analysis to be incorporated into
cumulative risk assessments. In general, EPA should collaborate with other agencies and
organizations with more expertise in nonchemical stressors to build these databases.

For other factors (such as psychosocial stress), additional methodologic research and
data-collection efforts would potentially be needed. With individual stressors for which
exposures could be quantified, EPA should compile relevant data related to socioeconomic
status (SES), which may serve as a proxy for numerous individual risk factors (O’Neill et
al. 2003) and may be a more direct measure of vulnerability than could reasonably be as-
sembled by looking at all relevant individual risk factors. The key is to understand correla-
tions between SES and exposure-related activities and later the degree to which SES acts as
an effect modifier for given chemical stressors and health outcomes. Efforts such as these
may be beyond the expertise and purview of EPA in the near term, and knowledge of other
agencies (such as CDC) and stakeholders should be leveraged.

Incorporating nonchemical stressors also requires information on modes of action among
disparate types of exposures. EPA not only should focus on pharmacokinetic and pharma-
codynamic models and approaches typically used in MOA determinations for chemicals
(following the modified approach proposed in Chapter 5) but should make use of epide-
miologic evidence on effect modification when it is available. For example, there may be
epidemiologic studies that demonstrate differential relative risks by SES (for example, risk
of death related to particulate matter) or interactions between smoking status and chemical
exposures (for example, to radon). The importance of epidemiologic evidence can be seen
by considering socioeconomic factors and stressors, which could not be incorporated by us-
ing evidence only from animal bioassays. Although direct epidemiologic evidence may not
be available on a specific chemical of interest, insight from similar compounds may provide
useful default assumptions about interactions between chemical and nonchemical stressors.
The potential importance of epidemiology in cumulative risk assessment is discussed in more
detail later in this chapter.

To illustrate how a cumulative risk assessment could in principle capture both chemical
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and nonchemical stressors while maintaining focus on the subset of stressors influenced by
risk-management strategies under study, we provide an illustrative example. Suppose that
the risk-management decisions in question were related to various strategies to reduce the
public-health effects of airport emissions on the surrounding communities. Some of the
strategies (such as changes in fuel composition or control technologies) would influence only
air-pollution exposures and related health risks, and others (such as changes in flight paths
or runway use) could also influence noise exposures and related psychosocial stress. The
committee recognizes that such an example does not neatly correspond with EPA’s regulatory
mandates and would cross the jurisdictional boundaries of multiple agencies; this example
is simply meant to illustrate the steps that would need to be taken within a cumulative risk
assessment.

Following the paradigm proposed in Table 7-1, the first step in a stressor-based assess-
ment oriented around risk-management options would involve building a conceptual model
to provide insight into the various stressors of concern and their linkages with the health
outcomes of interest. Given a focus on evaluating the benefits of proposed risk-management
strategies rather than burden-of-disease assessments, the stressors of interest should include
either the ones that would be influenced differentially by potential risk-management strate-
gies or the ones that would not be influenced by the strategies but would have a quantitative
influence on risk estimates.

In this case, it clearly would be important to include psychosocial stress as a key non-
chemical stressor in at least two dimensions. First, it would be important to know whether
the effect of air-pollution exposure reductions depended at all on the level of psychosocial
stress (related to noise and other causes). That would be important even for the interven-
tions that did not influence psychosocial stress, provided that the level of psychosocial stress
influenced the effects of changes in air pollution (that is, by contributing to background
processes or acting as an effect modifier). Second, it would be important to develop the
quantitative relationship between interventions and levels of psychosocial stress, as a poten-
tial cobenefit of risk-management strategies targeted at air pollutant emissions. If the effect
of air pollution were independent of the level of psychosocial stress and the interventions
did not have any differential influence on psychosocial stress, it would not be an important
stressor to consider in this decision context even if it were an important contributor to the
general burden of disease.

Given that structure, the approach in Table 7-1 involves a MOA assessment and consid-
eration of background exposures that may affect the same health outcome. A comprehensive
evaluation for this case is beyond the scope of the present report, but one example could
involve cardiovascular disease as a significant end point of concern and hypertension as the
mechanistic link between the various stressors and this end point. Previous studies (Evans et
al. 1998) have demonstrated that airport noise and the associated stress can increase blood
pressure (and epinephrine, norepinephrine, and cortisol). Air pollution has similarly been
associated with blood pressure (Kiinzli and Tager 2005), and this indicates that both expo-
sures would be important to model, given either an underlying model linking hypertension
and cardiovascular end points or a quantal cutpoint for hypertension itself. It would also
be necessary to be able to model the relationship between the risk-management strategies
and exposures to both air pollution and noise. Following the conceptual model makes this
relatively straightforward: methods are readily available to model the influence of airport
activities on noise (which could be presumed to be a surrogate for airport-related psycho-
social stress), and the aforementioned studies can link noise with such key health-relevant
end points as blood pressure. Thus, a physiologically based conceptual model can readily
incorporate nonchemical stressors into the cumulative risk assessment.
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That example was simplified and did not formally go through all the steps in Table 7-1;
for example, characterizing the baseline distribution of blood pressures in the population
would be necessary, as would characterizing the distribution of other underlying disease
processes to which the stressors could contribute. Other issues are potentially raised by the
above approach, such as a focus on only pathways that are well understood and quantifiable,
as well as the complexity of a real-world case that would potentially involve multiple federal
agencies. However, in spite of those concerns, this simple example demonstrates the general
feasibility of the approach and highlights that a focus on specific risk-management strate-
gies would greatly narrow the scope of the analysis. Often, more epidemiologic evidence is
available on nonchemical stressors than on chemical stressors, so inclusion of nonchemical
stressors may be plausible in many contexts.

The inclusion of nonchemical stressors as outlined above can lead to more informative
assessments and correspondingly better decisions if used appropriately but can run the risk
of contributing to less informative assessments if used in the wrong way. Information on the
varied risk factors should not be used solely for risk comparisons that are uninformative from
the perspective of the decisions faced by EPA. For example, if the inputs for cumulative risk
assessment are used not to determine the impacts of alternative risk-management strategies
but to determine contributors to disease burdens in a community, analyses may find that
cigarette-smoking confers a greater disease burden than outdoor exposures to air toxics. Even
setting aside the risk-communication limitations of such a comparison (given the different
nature of the risks), the comparison is largely uninformative from the perspective of EPA,
industry, or other agency decision-making. In other words, it is difficult to imagine a context
in which EPA must decide whether to require industrial facilities to install pollution-control
devices or to lobby other agencies to increase funding for smoking-cessation efforts. The
problem would be avoided by the framework proposed in detail in Chapter 8, in that a focus
on options to achieve a defined objective (that is, a functional-unit definition) would make
these sorts of burden-of-disease comparisons less relevant. The simple fact that stressors other
than chemicals may contribute a substantial portion of the burden of disease in a community
does not by itself imply that reduction of chemical exposures would not have net benefits
that would exceed the costs, and an emphasis on this comparative dimension of the analysis
will only widen the gulf between risk assessors and community stakeholders. This is not to
say that there is no rationale for risk communication efforts that attempt to contextualize
risk assessment outputs by comparison with other risk factors, but simply to emphasize that
such comparisons should not be the primary intent of cumulative risk assessment.

In addition, especially with nonchemical stressors, such as psychosocial stress, analytic
boundaries need to be carefully established. If the existence of industrial facilities or other
environmental problems serves as a social stressor, control strategies could reduce both
chemical exposures and psychosocial stress (provided that the affected community perceived
the reduction as important and substantive). The Agency for Toxic Substances and Disease
Registry (ATSDR) recently (Tucker 2002) emphasized the psychosocial ramifications of liv-
ing near hazardous-waste sites and the potential need to consider psychosocial factors in
remediation decisions, although these factors are rarely formally quantified or characterized.
That raises the broader question of whether stress related to an environmental exposure
should “count” as part of quantifying the benefits of an intervention. Counting those benefits
would in principle provide a more accurate estimate of benefits, but one could imagine a
situation in an extreme case in which a community is greatly concerned about a chemical in
its drinking water that has no direct effects on health but in which an intervention measure
could result in health benefits through the reduction of psychosocial stress. That would
be somewhat more important than a placebo effect, but it would be awkward to estimate
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health benefits associated with controlling a benign chemical. Such extreme cases should
be avoided by well-formulated problem scoping and risk-management option development,
but the example highlights the importance of stakeholder involvement at multiple stages in
the assessment process.

Finally, even with the triage indicated in Table 7-1, addition of all relevant chemical
and nonchemical stressors runs the risk of making the assessment analytically intractable
and impossible to complete in a limited amount of time and of jeopardizing timely decision-
making. In addition to limiting the number of stressors under consideration, there is a need
for relatively simple risk-assessment methods that can be applied to address the stressors in
a timely fashion; this is discussed in more detail later.

In summary, approaches to incorporate nonchemical stressors into cumulative risk as-
sessment are feasible in the near term although there are many situations in which site-specific
data needs may not be met. We recommend that EPA start to address nonchemical stressors
in settings in which sufficient epidemiologic or pharmacokinetic and pharmacodynamic data
are available to understand interactions with chemical stressors, following the tiered strategy
articulated by Menzie et al. (2007) and reoriented in Table 7-1 to focus on discriminating
among risk-management options. Databases and default approaches should be developed
regarding exposure patterns and plausible interactions with chemical stressors. In the long
term, we recommend that EPA and other agencies invest in research related to interactions
between chemical and nonchemical stressors, including epidemiologic investigations and
pharmacokinetic and pharmacodynamic or other study types as relevant. The direction of
the research should be informed by pending risk-management decisions in which the agency
identifies critical data gaps that impede decision-making in specific contexts rather than
broadly considering all the combinations of chemical and nonchemical stressors that could
potentially be investigated.

Role of Biomonitoring

As summarized recently (Ryan et al. 2007), biomonitoring has a potentially important
role in cumulative risk assessment, with significant roles to be played by biomarkers of ex-
posure, susceptibility, and effect. For example, if multiple stressors are thought to influence
acetylcholinesterase inhibition (that is, in the case of OP pesticides), simultaneous collection
of compound-specific biomarkers, nonspecific biomarkers of the OP family, and biomarkers
of effect can provide insight into the joint effects of these exposures. Collection of biologic
samples can allow characterization of simultaneous exposure to multiple stressors, which
may be difficult to determine accurately by modeling exposures to each of the compounds
individually.

Ryan et al. (2007) view the primary capabilities of biomonitoring in the framework of
cumulative risk assessment as the ability to disaggregate disease burden into specific risk
factors and the ability to infer contributions of different sources and pathways. The former
approach provides one route for effects-based or burden-of-disease assessments, and the
latter approach can in principle inform stressor-based and later cumulative risk assessments
focused on interventions.

A potential limitation of biomonitoring data is the difficulty of linking biomarkers to
contributions from individual sources of emissions. Even if the distribution of biomarkers
of exposure or effect is well characterized for a defined subpopulation, including an under-
standing of routes of exposure and contributing source categories, it is difficult to model
how changes in emissions from a small number of identified sources would influence the
distribution. Biomarkers may therefore be suitable for developing mechanistic understanding
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and contributing to effects-based cumulative risk assessment but may be of limited use to
stressor-based cumulative risk assessment directly in a risk-management context, especially
in situations with relatively small marginal changes in exposures. Research efforts related to
reverse dosimetry (Sohn et al. 2004; Tan et al. 2006) indicate a possible approach to recon-
structing exposures from dose data, but such methods are not sensitive enough to determine
marginal changes in emissions from individual facilities and therefore may not be suitable for
discriminating among risk-management options for more narrowly-defined or community-
scale control strategies. In this context, biomonitoring may be most useful as a validation
check against modeled doses or as an input to epidemiologic investigations.

Regardless, the existence of the Centers for Disease Control and Prevention (CDC)
large-scale biomarker databases, the Third National Report on Human Exposure to Envi-
ronmental Chemicals (CDC 2005), indicates that data on the distribution of doses among
representative samples of the U.S. population are increasingly available. The full set of data
available through the NHANES could also provide a means of characterizing correlations
between biomarkers for chemical and nonchemical stressors, demographic predictors of
magnitudes of those stressors, and other relationships that could form the basis of a cumu-
lative risk assessment. Thus, although it seems unlikely, because of both cost and limited
interpretability, that biomarkers could be used directly to quantify the benefits of control
strategies leading to marginal changes in exposures, biomarker studies can provide enhanced
mechanistic understanding of the relationships among chemical and nonchemical stressors,
and insight about highly-exposed populations or source category contributions that can al-
low for the development of targeted control strategies.

Role of Epidemiology and Surveillance Data

The cumulative risk-assessment paradigm, given its focus on communities or defined
populations and consideration of such nonchemical stressors as SES and access to health
care, lends itself to being informed by epidemiology. In fact, many of the key interactions
among chemical and nonchemical stressors, given numerous simultaneous coexposures,
would be impossible to capture in toxicologic studies. The call for more “realistic” risk as-
sessment in community settings is in part a call for better epidemiology that can characterize
the effects of varied coexposures in the presence of background processes and differences
in vulnerability. This raises the question of whether sufficient epidemiologic information is
available, or could be developed, to enable EPA to generate cumulative risk assessments that
include physical, chemical, biologic, and social factors with a sufficient degree of scientific
plausibility. This section briefly provides examples of advances in epidemiologic methods that
show promise for improving the information base needed for the advancement of cumula-
tive risk assessment, and in parallel it describes the role that surveillance data and systems
could play in facilitating the transition from single chemical risk assessment to cumulative
risk assessment.

At the outset, limitations of epidemiology in the context of cumulative risk assessment
must be acknowledged. Because of relatively low ambient exposures, multiple concurrent
exposures, weak statistical power, exposure misclassification, and other issues, it is often dif-
ficult for epidemiology to capture main effects, let alone interaction effects, of environmental
exposures. In spite of those limitations, there is growing epidemiologic evidence of interac-
tions between environmental stressors and place-based and individual-based psychosocial
stressors, driven in part by the spatial and demographic concordance between physical and
chemical environmental exposures and socioeconomic stressors (IOM 1999; O’Neill et al.
2003; Clougherty et al. 2007). The evidence adds to historical examples of well-documented
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interactions between environmental and nonenvironmental risk factors in humans, such as
synergistic effects between radon or asbestos and cigarette-smoking. In addition, by defini-
tion, reliance on epidemiology reduces the ability to be preventive and to evaluate the risk
of new stressors to which humans have not yet been exposed. Epidemiology is best suited
to cumulative risk assessments directed at remediation of existing problems, which would
be expected to be the majority of applications, given the inherent focus on populations at
risk.

Two growing categories of inquiry in epidemiology may help to bolster the evidence base
and inform cumulative risk assessment. Problems of characterizing exposure and outcomes
in observational epidemiology have generated increasing attention to molecular epidemiol-
ogy, which involves incorporating biologic events at the physiologic, cellular, and molecular
levels into epidemiologic studies. Aside from enhancing the biologic understanding of epi-
demiologic findings, the biomarkers used in molecular epidemiology can be used in some
circumstances to reconstruct exposure (albeit with some of the limitations listed above). The
combination of better exposure assessment and better understanding of disease pathways
helps to reduce their misclassification in epidemiologic studies. That provides better statistical
power and biologic insight that can improve characterization of potential synergies among
risk factors and factors that contribute to vulnerability, including age, sex, inherited genetic
variation, nutrition, and pre-existing health impairments. Such studies, although it may be
difficult to apply them directly to quantitative population risk assessment, may have a greater
likelihood of detecting subtle effects in relatively small populations and demonstrating the
biologic plausibility of synergistic relationships.

A somewhat different direction of epidemiologic inquiry potentially informative for
cumulative risk assessment involves the emerging field of social epidemiology, which has
shed light on the relations between social factors and disease in populations (Kaufman and
Cooper 1999). There is little room for disagreement about the importance of “social factors”
as predictors of health risks; the consistent documentation of these patterns in a wide variety
of outcomes is an important achievement of health and medical science. Of significance for
cumulative risk assessment is the recent work of social epidemiologists who are examining
the biologic underpinnings of social factors and considering interactions with environmen-
tal exposures (Berkman and Glass 2000). Aside from elucidating those interactions, social
epidemiology may provide methodologic lessons for cumulative risk assessment in general;
as mentioned above, methods have been developed to characterize cumulative risks (Evans
2003), and studies addressing allostatic load (the long-term effect of the various physiologic
responses to stress) have both considered the effects of numerous stressors and developed
measures of allostatic load that integrate multiple outcomes (McEwen 1998).

To benefit from developments in molecular and social epidemiology and related sciences
and technology with the potential to reduce exposure-measurement error (that is, environ-
mental sensors, biologic sensors, and geographic information systems), there will need to
be greater interactions between epidemiologic research and risk assessment, as opposed to
treating risk assessment simply as an end user of epidemiologic output. Epidemiologic stud-
ies conducted with cumulative risk assessment in mind may use different exposure-assess-
ment and analytic strategies from those used by epidemiologic studies conducted for other
purposes. For example, an epidemiologic analysis done for its own sake will tend to focus
on disentangling the contributions of individual risk factors in the presence of potential
confounding, whereas an epidemiologic analysis done for cumulative risk assessment might
characterize the risks of defined “bundles” of exposures without further decomposition.

The interaction between epidemiology and cumulative risk assessment can be enhanced
as risk assessments identify key uncertainties related to interactions among chemical and
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nonchemical stressors, shaping the research agenda and stimulating demand for more rel-
evant (to risk assessment) epidemiologic research. In general, as mentioned above, EPA and
other agencies should pursue a long-term research agenda related to enhanced epidemiologic
insight into interactions among chemical and nonchemical stressors and in the short term
should work to develop internal capacity in a variety of epidemiologic disciplines to foster
the development of new methods and knowledge.

Although epidemiologic approaches may improve understanding of the effects of ex-
posure to multiple stressors, for effects-based assessments, surveillance data may be needed
both to identify the at-risk populations and to characterize patterns of disease and back-
ground exposures. Surveillance for various diseases is well established in the public-health
system, including monitoring networks and registries that collect data in several ways. For
example, nearly all states have some form of infectious-disease and chronic-disease report-
ing laws that require hospitals, physicians, or schools to report cases that are considered
to be of public-health importance to the state or to CDC. Such information is available at
various levels of spatial resolution, influenced in part by confidentiality considerations and
by the nature and prevalence of the disease in question. In addition, federal agencies, such
as CDC, maintain active or passive surveillance on a wide variety of diseases and health-
status measures for populations in various geographic areas. A relatively new component of
public-health surveillance involves biosurveillance, the early detection of abnormal disease
patterns and nontraditional early disease indicators, such as pharmaceutical sales, school
and work absences, and cases of animal disease.

Another form of surveillance system is the toxic-substance registry. As mandated by
Superfund legislation, the ATSDR established a National Exposure Registry (ATSDR 2008)
with the goal of assessing and evaluating relationships between adverse health effects and
exposure to hazardous waste, particularly between chronic health effects and long-term,
low-level chemical exposure. For example, NER’s trichloroethylene subregistry has been
used to demonstrate increased rates of hearing impairment and other conditions associated
with historical exposure to trichloroethylene.

Those surveillance systems have substantial utility in some contexts but have been limited
in multiple respects in the context of environmental risk factors. In particular, little informa-
tion has been routinely and systematically collected on many health outcomes potentially
linked to environmental pollutants, such as birth defects, developmental disorders, childhood
leukemia, and lupus. More generally, many chronic diseases (such as diabetes and asthma)
have not been given sufficient attention. In addition, given numerous data streams, it has
been difficult to relate members of populations included in one health-information system
to members in another system.

For those reasons, CDC in 2001 began the development of a health-tracking network to
monitor the prevalence of chronic conditions of potential interest for human health risk as-
sessment. Known as the Environmental Public Health Tracking (EPHT) Program, its purpose
is to provide information from a nationwide network of integrated health and environmental
data to be used as the basis of risk assessment and risk management. An important distinc-
tion between EPHT and traditional surveillance is the emphasis on data integration across
health, human-exposure, and hazard-information systems, which will enhance efforts of risk
assessors to evaluate the spatial and temporal relations between environmental factors and
health outcomes. If the EPHT surveillance systems were linked with registries from private
health-care organizations, more comprehensive disease-prevalence estimates could be read-
ily obtained.

Of particular interest to the cumulative risk-assessment process is the potential of EPHT
to identify susceptible populations and to provide an important foundation for environmen-
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tal epidemiology addressing chemical and nonchemical stressors. Developing the relations
between environmental and health outcomes will require individual-level data not routinely
collected by any surveillance system, so there will be the need for both targeted research
and methods for data linkage with the EPHT Program. In general, the goals of EPHT are
ambitious and resources are limited, in particular for data-linkage efforts that are expensive
in both time and money (Kyle et al. 2006). Investing more resources in EPHT could be a
useful mechanism to develop the information base necessary for cumulative risk assessment
or community-based risk assessment.

Need for Simpler Analytic Tools

Given the breadth of exposure pathways and types of stressors considered in cumulative
risk assessment, there is a danger that it could become analytically intractable and there-
fore uninformative for making decisions in a timely fashion. Application of more advanced
methods for dose-response assessment as proposed in Chapters 4 and 5 would appear to
make this issue even more problematic. The problem is more acute in community-based
risk assessments, in which the sheer number of communities and environmental risks that
could potentially be evaluated could quickly outstrip the available resources for conducting
such analyses and in which the CBPR emphasis implies that analytic tools should be able
to be understood and implemented by community stakeholders. It should be clear that not
all decisions will need to be informed by the most advanced analytic methods (see Chapters
3 and 8), just as not all risk-management decisions will necessarily involve quantifying all
theoretical dimensions of cumulative risk assessment.

To enhance the utility of cumulative risk assessment, there will need to be increased reli-
ance on relatively simple methods to determine whether more refined methods are required
or information is adequate to inform policy decisions. Developing simpler tools seems to
contradict the complexity of cumulative risks, but methods can be developed that capture
the breadth of chemical and nonchemical stressors with less computational burden, at least
for initial screening calculations. There will also need to be techniques to develop indicators
or ranking approaches that could categorize the benefits of different strategies ordinally as
has been done in ecologic risk assessment; for example, Thomas (2005) has shown that the
RRM, a rank-based method, can be used to analyze alternative decisions involving multiple
stressors and receptors on various spatial scales. The critical issue is to ensure that any sim-
plified methods used in the context of cumulative risk assessment retain the key attributes
of quantitative risk assessment, that is, consideration of both exposure and toxicity, notions
of probability rather than just possibility, and information about the severity of health ef-
fects. It will be difficult to interpret outputs that do not retain those features, especially in
the contexts of tradeoffs or comparisons with control costs.

While development of simpler approaches will not be straightforward, fields such as
ecologic risk assessment and life cycle analysis have successfully developed and utilized tools
to address similar concerns, and these methods will be relevant to cumulative risk assess-
ment. One example focused on exposure assessment comes from the field of intake-fraction
estimation (Bennett et al. 2002a). An intake fraction is the population exposure per unit of
emission from a defined source or source category. Intake fractions are generally derived from
dispersion modeling or from the combination of monitoring data and emissions-inventory
assessment, in either case linked with population patterns. They therefore use detailed infor-
mation about exposures but summarize this information as single unitless measures directly
interpretable for risk assessment; in cases in which the dose-response function is linear in the
range of exposures of interest or is well defined and nonlinear, intake fractions can be used
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directly to estimate population health risks. Intake fractions vary with the compound, source,
and setting, but values can be extrapolated to unstudied settings given known characteristics
of the setting (such as population density). Intake fractions have been adopted by the life-
cycle analysis community for incorporating population-exposure concepts in settings where
more complex modeling is implausible and where the alternative is priority-setting with no
consideration of exposure (Bennett et al. 2002b; Evans et al. 2002). As another example
of simplified methods for exposure assessment in the context of screening-level risk assess-
ment, the Community Air Screening How-To Manual (EPA 2004) includes look-up tables
for concentration effects, given stack characteristics and distance from a source.

Although those approaches address only exposure assessment, they provide useful
lessons about how simpler methods can be applied to yield reasonable and timely insight
without sacrificing the critical components of quantitative risk assessment. The concept of
using a limited number of more extensive analyses to determine approximate relationships for
an unstudied setting can be extended to exposures to nonchemical stressors or interactions
among compounds. This can provide effective defaults in the absence of more detailed site-
specific data. The committee therefore recommends that EPA develop guidelines and methods
for less analytically complex cumulative risk assessments to be used for screening assess-
ments. The guidelines should give insight into approaches for choosing the appropriate level
of analytic complexity and into recommended methods for simplified assessments, including
both exposure assessment and dose-response assessment. The selection of the appropriate
analytic model would be a component of the planning and scoping and problem-formulation
steps and would be driven by the risk-management decisions at hand and the priorities of the
various stakeholders. In other words, drawing on the example above, simplifying exposure
assessment by using intake fractions is valuable only if total population benefits without
distributional considerations were the measure of interest to risk managers. The simplified
tools would need to be tailored to the decision context and the outputs of interest.

The databases, methods and other modeling resources developed by EPA for less analyti-
cally complex cumulative risk assessments would have an important ancillary benefit. Local
community participation could be greatly enhanced if analytic tools were easier to under-
stand or, ideally, could be used by community groups and other stakeholders to determine
the benefits of control strategies in a cumulative risk context quickly but reasonably. That is
clearly difficult given the numerous decision contexts and types of models required, but ex-
amples could be drawn from the life-cycle analysis community, in which generally applicable
software packages and on-line resources have been developed that can be used by people who
lack expertise in the specific scientific disciplines that underlie life-cycle impact assessment.
The general issue of the need for and approaches to enhancing stakeholder involvement in
cumulative risk assessment is discussed in more detail in the next section.

Need for Stakeholder Involvement

The issue of increased stakeholder involvement in the risk-assessment process has been
discussed at length in previous National Research Council reports and EPA guidance docu-
ments. The committee agrees with many of the core principles articulated in those reports,
such as the mutual and recursive analytic-deliberative process articulated in Understanding
Risk Informing Decisions in a Democratic Society (NRC 1996) and the need for stakeholder
participation throughout the risk-assessment process, including participation in planning and
scoping and in problem formulation (EPA 2003b). A key insight from the previous reports is
that stakeholder involvement should go well beyond risk communication or risk characteriza-
tion and should include substantive involvement in the assessment process (often following
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CBPR principles) and explicit attempts to build capacity to ensure that all stakeholders have
an equal opportunity to participate substantively in collaborative problem-solving (NEJAC
2004). That is not simply a means of improving public relations and acceptability of risk-as-
sessment outputs but a means of enhancing the technical quality of the analysis and ensuring
that risk-management strategies are reasonable and well developed.

The cumulative risk-assessment framework further emphasizes the value of bringing
stakeholders together at the outset, devising clear and explicit project planning and scop-
ing, and focusing on a specific decision problem to guide the analysis. However, the added
complexity of cumulative risk assessment creates some substantial barriers: if there is to be
substantive stakeholder involvement, all parties must have access to and in-depth understand-
ing of relevant databases, models, and information resources. It is not realistic to hope that
all stakeholders will become expert risk assessors, but the use of simpler analytic tools, as
proposed above, may provide some of the necessary resources for community members and
other stakeholders to understand and participate in the analytic portions of an assessment.

In addition to models for cumulative risk assessment, information resources would
need to be developed to allow stakeholders to be sufficiently informed to participate in
the process. EPA has developed a substantial array of public resources and databases, but
none provides adequate information to allow stakeholders to understand the intricacies of
cumulative risks in specific communities or subpopulations. For example, EPA has made
available such public resources as Envirofacts (EPA 2007a), EnviroMapper (EPA 2006¢), and
TRI Explorer (EPA 2007b), which provide extensive information about the locations of key
emission sites for any given ZIP code, information about environmental-justice assessments,
and links to related concentration data. However, none of the available resources provides
the information or tools needed for stakeholders to understand their cumulative risks as-
sociated with chemical and nonchemical stressors or, more important, the potential benefits
associated with specific control strategies. Models of the benefits of control strategies may be
beyond the scope of on-line resources, but well-developed and publicly available databases
could provide both the foundation for cumulative risk models and the information for com-
munities to use in understanding their exposures and background disease patterns. Linking
environmental databases described above with surveillance-system data in a framework of
geographic information systems would be a good starting point for such efforts, using high
spatial resolution to provide maximal insight into community-scale risks.

EPA has numerous programs and guidance documents related to stakeholder involvement
(EPA 2008b), whose formal evaluation is beyond the scope of this chapter. The committee
recommends that EPA adhere to its guidance when conducting cumulative risk assessments,
including planning and budgeting for public and other stakeholder involvement, working
to identify interested parties, providing financial or technical assistance and resources to
facilitate involvement, providing information and outreach materials, engaging in other
activities to build community capacity to participate in the process, involving the public in
the decision process at a stage where substantive input can be made, and formally evaluat-
ing the process to ensure that adequate stakeholder participation (in depth and breadth) has
been incorporated (EPA 2003Db).

RECOMMENDATIONS

The committee recommends the following short-term and long-term actions to en-
hance the utility of cumulative risk assessment for discriminating among risk-management
options:
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e EPA should maintain the core definitional components of cumulative risk assessment
from its 2003 framework document—including planning, scoping, and problem-formula-
tion phases; explicit consideration of vulnerability; and the use of screening tools and other
methods to ensure analytic complexity appropriate for the decision context. The analytic
structure of ecologic risk assessment should continue to serve as an important guide for hu-
man health cumulative risk assessment, given the conceptual similarities.

e EPA should use a revised framework for risk-based decision making (see Chapter 8),
focused on discriminating among risk-management options, to narrow the scope of cumula-
tive risk assessments to those stressors that would be influenced by risk-management options
or would modify the risks of other stressors influenced by risk-management options. This
would allow for the inclusion of nonchemical stressors within a decision framework relevant
to EPA. For stressor-based assessments, EPA should follow a tiered assessment strategy that
parallels the mode-of-action and background-process determination to ascertain the subset
of stressors that would substantially influence the benefits of proposed risk-management
strategies.

e EPA should explicitly define and maintain conceptual distinctions among cumulative
risk assessment, cumulative impact assessment, and community-based risk assessment to
avoid confusion about the scope of work expected of a given assessment. These definitions
should be consistently used and applied across the agency.

e In the near term, EPA should develop databases and default approaches to allow
the incorporation of key nonchemical stressors in cumulative risk assessments in the ab-
sence of population-specific data, considering exposure patterns, contributions to relevant
background processes, and interactions with chemical stressors. EPA should use existing
nationally representative biomarker and surveillance databases and databases related to
nonchemical stressors to help to construct the approaches, leveraging insight from social
epidemiology and ecologic risk assessment.

e In the long term, EPA should invest in research programs and develop internal
capacity related to interactions between chemical and nonchemical stressors, including epi-
demiologic investigations with sufficient power to evaluate interactions and physiologically
based pharmacokinetic and other study types as relevant. Given the need for substantial
epidemiologic research conducted in a form and direction suitable for cumulative risk as-
sessment, EPA should build internal capacity in various epidemiologic disciplines and ensure
close collaboration between epidemiologists and risk assessors. EPA should also develop
partnerships with other federal agencies with expertise related to nonchemical stressors,
and should work with these agencies on large-scale cumulative risk assessments that cross
jurisdictional boundaries.

e In the process of refining cumulative risk assessment, EPA should focus on develop-
ment of guidelines and methods for simplified analytic tools that could allow screening-level
cumulative risk assessment and could provide tools for communities and other stakeholders
to use in conducting assessments. These tools can be used as the foundation of an enhanced
stakeholder-participation process that builds on current guidance but expands it by provid-
ing cumulative risk models that can be applied and interpreted by nonpractitioners. EPA
should work to ensure that cumulative risk assessments both guide future information and
research needs and inform near-term decisions, recognizing that decisions must be made with
incomplete information.
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Improving the Utility of Risk Assessment

The committee’s primary charge was to propose ways to improve risk assessment in the
Environmental Protection Agency (EPA). As described in Chapter 1, we decided to focus
on two broad criteria for improvement. The first criterion for improvement involves the
technical content of risk assessment, which has been addressed in Chapters 4-7. The second
concerned opportunities for making risk assessments more useful for informing risk-manage-
ment decisions. Risk assessment in EPA is not an end in itself but a means to develop policies
that make the best use of resources to protect the health of the public and of ecosystems.
In Chapter 3, the committee demonstrated the importance of increased attention to risk-as-
sessment planning and to ensuring that the levels and complexity of risk assessment (their
“design”) are consistent with the goals of decision-making. Increased attention to planning
and scoping and to problem formulation, referred to in EPA guidance for ecologic risk as-
sessment (EPA 1998) and cumulative risk assessment (EPA 2003), was shown in Chapters
3 and 7 to provide opportunities for increasing the relevance, and hence the utility, of the
products of risk assessment.

Environmental problems arise in many forms, and new ones are always emerging. Some
are large in scope, involving multiple sources of potential harm and many pathways from
their sources to the creation of exposures of large human and ecologic populations. At the
other extreme, a problem may involve a single source of harm and a single pathway of
exposure, perhaps of relatively small populations (of production workers, for example). In
some cases, a problem concerns the entire life cycle of a product or line of products; in oth-
ers, it may concern approvability of a new pesticide by EPA or of a new food ingredient by
the Food and Drug Administration, both driven by highly specific legislative requirements.
Concerns raised by a community regarding emissions from nearby sources are increasingly
common, as are concerns about the safety of various products moving in international
commerce. All those problems have in common their origins in the environment and their
potential to threaten human health or ecosystems; many involve not only chemicals but
biologic, radiologic, and physical agents, and their potential interactions. The scope of
environmental problems is increasingly enlarged to include the search for methods of re-
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source use and product manufacture that are likely to be more sustainable—a criterion that
includes health and environmental factors but others as well. Moreover, decisions in EPA
often require consideration of difficult questions of costs, benefits, and risk-risk tradeoffs.
Much of the discussion of Chapter 7, for example, revealed the difficulties encountered in
current approaches as attempts are made to apply them to complex problems of cumulative
and communitywide risks.

As the complexities of the problems and of needed decisions faced by EPA increase, so
do the challenges to risk assessment to provide evaluations of clear relevance to the ques-
tions posed. That means, of course, that the questions posed to risk assessors must be both
relevant to the problems and decisions faced and sufficiently comprehensive to ensure that
the best available options for managing risks are given due consideration. This chapter
provides guidance on the development and application of questions, methods, and decision
processes to enhance the utility of risk assessment; although many elements of the guidance
are applicable in the near term, our emphasis is on the longer-term future.

BEYOND THE RED BOOK

The model described in Risk Assessment in the Federal Government: Managing the
Process (NRC 1983), referred to as the Red Book, was discussed in Chapters 1 and 2; in
this model, risk assessment occupies a place between research and risk management. Risk
assessment is seen as a framework! within which complex and often inconsistent, and always
incomplete, research information is interpreted and put into usable form for risk managers.
The Red Book committee was concerned principally with defining risk assessment and iden-
tifying the steps necessary to complete an assessment. It was also concerned with ensuring
that risk characterization (the fourth and final step) is faithful to the underlying science and
its uncertainties. Finally, and perhaps most important, the committee was concerned with
protecting risk assessments from the inappropriate intrusions of policy-makers and other
stakeholders, and from that concern came recommendations for the conceptual separation
of assessment and management and for the development of risk-assessment guidelines and
the elucidation and selection of “inference options” (defaults; see Chapters 2 and 6). Those
and other recommendations of the Red Book have served for 25 years as sources of clar-
ity and guidance for regulatory and public-health officials throughout the world and for
stakeholders of many types.

The present committee supports retention and advancement of the major recommenda-
tions of the Red Book as they pertain to definitions, the content of risk assessment, the need
for guidelines and defaults, and the conceptual separation of assessment from management.
Many of our recommendations advance those aspects of the recommendations in the Red
Book (and the National Research Council’s 1994 report Science and Judgment in Risk
Assessment).

To the extent that risk assessment is perceived as becoming less relevant to many im-
portant decisions or as contributing to protracted scientific debate and regulatory gridlock,
that perception may result from interpretations of the Red Book that take the conceptual
distinctions and separations as representing the committee’s guide to a preferred decision-
making process. In fact, the Red Book’s concern with “process” focused heavily on protecting
the integrity of risk assessment, and the committee offered little discussion of how all the
necessary elements of decision-making should be arranged to achieve good decisions. That

1The term framework as used here refers to the entire decision process, of which risk assessment is one element.
Risk assessment has its own framework, as described in Chapters 1 and 2 and the Red Book.
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committee did not discuss the process whereby risk assessment might achieve maximum
relevance, how it might be tailored in scientific depth to match the decision-making context,
or how various stakeholders might influence the question of specifically what risk assessment
should focus on in specific decision contexts. Those were not central issues for the Red Book
committee. They clearly are issues for today in the evolution of risk assessment.

A DECISION-MAKING FRAMEWORK THAT MAXIMIZES
THE UTILITY OF RISK ASSESSMENT

To ensure that risk assessments are maximally useful for risk-management decisions,
the questions that risk assessments need to address must be raised before risk assessment
is conducted and may need to be different from the questions that risk assessors have tra-
ditionally been tasked with answering. The more complex and multifaceted the problem
to be dealt with, the more important the need to operate in that fashion. As noted in the
previous section, the Red Book framework was not oriented to identifying the optimal
process for complex decision-making but rather to ensuring the conceptual separation of
risk assessment and risk management. A framework for risk-based decision-making (Figure
8-1, “the framework™) is proposed here to provide the guidance that was missing from the
Red Book. Its principal purpose, in the context of the present report, is to ensure that risk
assessment is maximally useful for decision-making; as noted, this would fulfill the second
of our two criteria for improving risk assessment. The framework is also intended to ensure
that the methodologic changes recommended in Chapters 4-7 are put to the best use, given
the repeated emphasis on analytic efforts that are appropriate to decision-making in scope
and content. We offer some background on the framework in this section and then describe
it more fully in the next section.

Perhaps the easiest way to explain the basic difference between the framework and the
traditional assessment-management relationship is to look first at the beginnings and ends
of each process. We start with an assumption that in either model no analysis would be
done and no decision would be needed unless some “signal” of potential harm had come to
EPA’s attention. The signal can arrive in many forms, but it would generally involve a set of
environmental conditions that appear to pose a threat to human or environmental health.
The traditional process receives that signal and begins immediately with the question, What
are the probability and consequence of one or more adverse health (or ecologic) effects posed
by the signal? The framework (in Figure 8-1), in contrast, receives the signal and asks, What
options are there to reduce the hazards or exposures that have been identified, and how can
risk assessments be used to evaluate the merits of the various options?

Beginning the inquiry with the latter type of question immediately focuses attention on
the options for dealing with a potential problem—the risk-management options. The options
are often thought of as possible interventions—actions designed both to provide adequate
public-health and environmental protection and to satisfy the criterion of well-supported
decision-making. We note that, in most cases, “no intervention required” is one of the op-
tions to be considered explicitly.

In the framework, the questions to be posed for risk assessment arise from early consider-
ation of the types of assessments needed to judge the relative merits of the options considered.
By examining both the options and the types of assessments available, one may expand the
scope of the options considered to embrace other possible interventions. Risk management
involves choosing among the options after the appropriate assessments have been undertaken
and evaluated. Assessments of relevant risk-management factors other than risk—such as
costs, technical feasibility, and other possible benefits—also require early planning.
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Risk assessment, in the framework of Figure 8-1, would typically be asked to examine
risks associated with the “no intervention” option in addition to examining risk reductions
(and possible increases) associated with each of the proposed interventions. Questions arising
from consideration of options need to be well formulated (including a sufficient precision
and breadth of issues) to ensure that important risk issues are not inadvertently overlooked;
this requires that the array of options not be unnecessarily restricted.

As emphasized in Chapter 3 and elsewhere, without early and careful consideration of
the decision-context, risk assessors cannot identify the types of assessments and the required
level of their scientific depth necessary to support decisions (or, indeed, whether risk assess-
ment is even the appropriate decision support tool, as shown in Figure 3-1). Without such a
well-defined context, assessments will often lack well-defined stopping points and may yield
ancillary analyses (for example, highly detailed quantitative uncertainty analyses) that are
not essential for the decision at hand, prolonging the decision process unnecessarily (Chapter
4). By focusing on early and careful problem formulation and on the options for managing
the problem, implementation of the framework can do much to improve the utility of risk
assessment. Indeed, without such a framework, risk assessments may be addressing the wrong
questions and yielding results that fail to address the needs of risk managers.

The framework is based on a re-examination of one of the misinterpretations of the Red
Book—that assessors should be shielded from the specific decision-making issues that their
analyses are intended to support. Instead, it asserts that risk assessment is of little usefulness,
and can even waste resources, if it is not oriented to help discriminate among risk-manage-
ment options that have to be informed by risk (and often nonrisk) considerations. More
important, the framework should ensure that decisions themselves will be improved if risk-
assessment information is presented to demonstrate how it affects the worth of competing
choices, not for how it sheds light on an isolated substance or “problem.” To be clear, the
framework maintains the conceptual distinction between risk assessment and risk manage-
ment articulated in the Red Book, and it remains intent on not allowing the manipulation
of risk-assessment calculations to support predetermined policy choices. The conduct of risk
assessments used to evaluate the risk-management options are in no way to be influenced
by the preferences of risk managers.

The proposed decision-making framework resembles the well-known decision-analytic
process that has been used in diverse fields for many decades (Raiffa 1968; Weinstein et al.
1980; Lave and Omenn 1986; Lave et al. 1988; Clemen 1991), in which the utility of various
concrete policy options is evaluated according to the benefits that each provides. Similarly,
the need to ensure that the full range of policy options is considered for the analysis has
been emphasized by others including Finkel (2003); Hattis and Goble (2003); and Ashford
and Caldart (2008). The committee also recognizes that numerous previous reports and
guidance documents, and EPA practice in some settings, have anticipated this framework to
some extent. For example, Science and Judgment in Risk Assessment (NRC 1994) empha-
sized that “risk assessment is a tool, not an end in itself,” and recommended that resources
be focused on obtaining information that “helps risk managers to choose the best possible
course of action among the available options.” The 1996 National Research Council report
Understanding Risk: Informing Decisions in a Democratic Society (NRC 1996) emphasized
that “risk characterization should be a decision driven activity, to inform choices in solv-
ing problems.” The latter report also called for attention to problem formulation, with an
explicit options-selection step, and representation of interested and affected parties from the
earliest stages of the process. The framework also builds on but goes beyond the recommen-
dations of the 1997 Presidential/Congressional Commission on Risk Assessment and Risk
Management report (PCCRARM 1997) that called for a six-stage risk-management frame-
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work: formulate the problem in broad context, analyze the risks, define the options, make
sound decisions, take actions to implement the decisions, and perform an evaluation of the
effectiveness of the actions taken. Yet another National Research Council report, Estimating
the Public Health Benefits of Proposed Air Pollution Regulations (NRC 2002), focused on
evaluating the benefits of air pollution regulations and emphasized that EPA should evalu-
ate multiple regulatory options in any benefit-cost analysis to make best use of the insights
available through quantitative risk assessment. However, none of those recommendations
to think more systematically about risk-management options moves consideration of op-
tions to the beginning of the assessment process in EPA, which is the key procedural change
that we recommend. As articulated in more detail below, the present committee views the
framework as a step beyond previous proposals and current practice—one that can possibly
meet multiple objectives:

e Systematically identify problems and options that risk assessors should evaluate at
the earliest stages of decision-making.

e Expand the range of effects assessed beyond individual end points (for example,
cancer, respiratory problems, and individual species) to include broader questions of health
status and ecosystem protection.

e Create opportunities to integrate regulatory policy with other decision-making op-
tions and strategies that expand environmental protection (for example, economic incentives,
public-private partnerships, energy and other resource efficiencies, material substitution,
public awareness, and product-stewardship programs).

e Serve the needs of a greatly expanded number of decision-makers (for example,
government agencies, private companies, consumers, and various stakeholder organiza-
tions) whose individual and institutional roles in environmental decision-making continue
to expand.

e Increase understanding of the strengths and limitations of risk assessment by deci-
sion-makers at all levels.

We expand on some of those objectives in later sections. First, we present the framework
and discuss its key elements.

THE FRAMEWORK: AN OVERVIEW

Three broad phases of the framework are evident in Figure 8-1: enhanced problem for-
mulation and scoping, planning and conduct of risk assessment, and risk management. Risk
assessment and other technical and cost assessments necessary to evaluate risk-management
options are carried out in the assessment phase of the process, although Figure 8-1 focuses on
the planning and conduct of risk assessment given the charge of this committee. It is critical
that those assessments be undertaken with assurance of their scientific integrity; technical
guidelines are necessary to achieve this end, as are procedures to ensure they are followed.
At the same time, it is important to recognize that risk assessments and other technical as-
sessments are not undertaken simply because research data are available and assessments are
possible; they are undertaken, in the proposed framework, only when the reasons for them
are understood and the necessary level of their technical detail has been clarified.

The utility of assessments will be enhanced if they are undertaken within the framework.
The framework will have particular importance, given the potential complexity of our pro-
posed unified approach for dose-response assessment (Chapter 5) or methods for cumulative
risk assessment of chemical and nonchemical stressors (Chapter 7), in that it emphasizes that
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these methodologic advances should not occur in a vacuum and are most valuable if they
are clearly linked to and can inform risk-management decisions.

We emphasize that our promotion of the framework is focused on improving the util-
ity of risk assessment to support better decision-making. As noted earlier, the framework is
intended to provide guidance that was not provided by the Red Book.

Elements of the Framework: A Process Map

In this section, we outline the content of each of the elements of the framework. Each
element involves a set of discrete activities, which are briefly suggested in Figure 8-1 and
more fully described in Boxes 8-1 through 8-5. Some of the institutional issues associated
with implementation of the framework are described in Chapter 9.

BOX 8-1 Key Definitions Used in the Framework for
Risk-Based Decision-Making

PROBLEM: Any environmental condition (a method of product manufacture, residence near a manu-
facturing facility, exposure to a consumer product, occupational exposure to a pesticide, exposure of
fish to manufacturing effluents, a transboundary or global environmental challenge, and so on) that is
suspected to pose a threat to human or ecosystem health. It is assumed that early screening-level risk
assessments may sometimes be used to identify problems or to eliminate concerns.

RISK-MANAGEMENT OPTION: Any intervention (a change of manufacturing process, imposition of
an environmental standard, the development of warnings, use of economic incentives, voluntary initia-
tives, and so on) that may alter the environmental condition, reduce the suspected threat, and perhaps
provide ancillary benefits. Any given problem may have several possible risk-management options. In
most cases, “no intervention” will be one of the options.

LIFE-CYCLE ANALYSIS: A formal process for evaluating and managing problems associated with
each stage of a product’s manufacture, distribution, uses, and disposal. It includes problems as defined
above and can include evaluations of such issues as resource use and sustainability.

POPULATION: Any group of general or occupational populations or populations of nonhuman
organisms.

AGENT: Any chemical (including pharmaceuticals and nutrients), biologic, radiologic, or other physical
entity.

MEDIA: Air, water, food, soils, or substances having direct contact with the body.

RISK SCENARIO: A combination of agents, media, and populations in which risks to human or eco-
system health can arise.

BENEFITS: The changes (positive or negative) in health and environmental attributes that are associ-
ated with an intervention. Typically, a risk assessment will estimate the number of cases of disease, in-
jury, or death associated with a problem—which is equivalent to the benefits of eliminating the problem.
Any intervention that reduces risk without eliminating it will have benefits estimated by the difference
between the status quo and the risks remaining after the intervention.

STAKEHOLDER: Any individual or organization that may be affected by the identified problem (de-
fined above). Stakeholders may include community groups, environmental organizations, academics,
industry, consumers, and government agencies.
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BOX 8-2 Phase | of the Framework for Risk-Based Decision-Making
(Problem Formulation and Scoping)

Identification of Risk-Management Options and Required Assessments

a. What is the problem to be investigated, and what is its source?

b. What are the possible opportunities for managing risks associated with the problem? Has a
full array of possible options been considered, including legislative requirements?

c. What types of risk assessments and other technical and cost assessments are necessary

to evaluate existing conditions, and how do the various risk-management options alter the

conditions?

What impacts other than health and ecosystem threats will be considered?

How can the assessments be used to support decisions?

What is the required timeframe for completion of assessments?

What resources are needed to undertake the assessments?

@~oa

Scope of the Framework and Definitions of Key Terms

The framework is intended for broad applicability, as can be discerned from the defini-
tions (see Box 8-1) of terms used to describe activities in the elements of the framework.

Phase I. PROBLEM FORMULATION AND SCOPING

Two types of activities are associated with Phase I of the risk-based decision-making
framework (Figure 8-1): problem formulation and the simultaneous (and recursive) iden-
tification of risk-management options and identification of the types of technical analyses,
including risk assessments, that will be necessary to evaluate and discriminate among the
options. The expected contents of Phase I are outlined in Box 8-2, as a series of questions
to be pursued.?

Agency decisions related to premarket product approvals (for example, for new pesti-
cides) depend on long-established requirements for toxicology and exposure data, and there
are also well-established guidelines for risk assessments and criteria for premarket approv-
ability. Those well-established requirements can be said to constitute Phase I planning for
this type of decision-making, and the committee sees no need to alter the existing arrange-
ment; but we do note that the proposed framework of Figure 8-1 accommodates this specific
category of regulatory decision-making.

Phase II. PLANNING AND CONDUCT OF ASSESSMENT

Risk assessments designed to evaluate the risk-management options set out in Phase I
are undertaken during Phase II. Phase II consists of three stages; planning, assessment, and
confirmation of the utility of the assessment (see Box 8-3).

The first stage of Phase II involves the development of a careful set of plans for the
necessary risk assessments. Risk assessments should not be conducted unless it is clear that
they are designed to answer specific questions, and that the level of technical detail and

2The committee acknowledges that there may be cases following completion of appropriate problem formula-
tion and scoping in which it is determined that risk assessment is not needed.
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BOX 8-3 Phase Il of the Framework for Risk-Based Decision-Making
(Planning and Conduct of Risk Assessment)

Stage 1: Planning for Risk Assessment

a. What are the goals of the required risk assessments?

b. What specific risk scenarios (agents, media, and populations, including possible consideration
of background exposures and cumulative risks) are to be investigated?

c. What scenarios are associated with existing conditions and with conditions after application of
each of the possible risk-management options, and how should they be evaluated?

d. What is the required level of risk quantification and uncertainty/variability analysis?

e. Will life-cycle impacts be considered?

f.  Arethere critical data gaps that prevent completion of the required assessment? If so, what should
be done?

g. How are the risk assessments informed by the other technical analyses of options (technical
feasibility, costs, and so on)? How will communication with other analysts be ensured?

h. What processes should be in place to ensure that the risk assessments are carried out ef-
ficiently and with assurance of their relevance to the decision-making strategy, including time
requirements?

i. What procedures are in place to ensure that risk assessments are conducted in accordance
with applicable guidelines?

j.  What are the necessary levels and timing of peer review?

Stage 2: Risk Assessment

a. Hazard Identification:

* What adverse health or environmental effects are associated with each of the agents
of potential interest?

* What is the weight of scientific evidence supporting the classification of each effect?

* What adverse effects are the likely risk determinants?

b. Exposure Assessment:

e For the agents under study, what exposures and resulting doses are incurred by each
relevant population under existing conditions?

* What do the technical analyses (Box 8-4) reveal about how existing conditions and resulting
exposures/doses would be altered by each proposed risk-management option?

c. Dose-Response Assessment:

* For each determining adverse effect, what is the relationship between dose and the prob-
ability of the occurrence of the adverse effect in the dose region identified in the exposure
assessment?

d. Risk Characterization:

* For each population, what is the nature and magnitude of risk associated with existing
conditions?

* How are risks altered by each risk-management option (both decreases and increases)?

* What is the distribution of individual risks in the population and subpopulations of concern,
and what is the distribution of benefits under each option?

* Considering the weight-of-evidence classification of hazards, the dose-response assess-
ment, and the exposure assessment, what degree of scientific confidence is associated
with the risk characterization?

* What are the important uncertainties, and how are they likely to affect the risk results?

Stage 3: Confirmation of the Utility of the Risk Assessment

* Does the assessment have the attributes called for in planning?

* Does the assessment provide sufficient information to discriminate among risk-manage-
ment options?

* Has the assessment been satisfactorily peer-reviewed, and have all peer-reviewer com-
ments been explicitly addressed?
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BOX 8-4 Other Technical Analyses Necessary for the Framework for
Risk-Based Decision-Making

* How does each of the proposed risk-management options alter existing conditions, and with
what degree of certainty?

* Are there important impacts other than those directly affecting existing conditions (as revealed,
for example, by life-cycle analysis)?

* What costs are associated with no intervention to alter existing conditions and with each of the
proposed risk-management options?

* What are the uncertainties in the cost assessments and the variabilities in the distribution of
costs?

* Do the assessments conform to the requirements set forth in the planning phase?

uncertainty and variability analysis is appropriate to the decision context. Such attention
to planning should ensure the most efficient use of resources and the relevance of the risk
assessment to decision-makers. The typical questions addressed during the risk assessment
planning process are set out in Box 8-3, Stage 1 (Planning).

Other technical analyses are typically required to evaluate how specific interventions
will alter existing conditions; the information developed through such technical analyses (see
Box 8-4) must be communicated to risk assessors, so that the effects of these interventions
on risk can be evaluated.

Once the planning has been completed, risk assessments are conducted (Phase II, Stage
2). Risk assessments are conducted under agency guidelines. The guidelines should include
defaults and explicit criteria for departures from defaults with other elements recommended
in the present report, including those related to uncertainty assessment, unification of cancer
and noncancer dose-response methods, and cumulative or community-based risk assessment
(Chapters 4-7).

Once risk assessments have been completed, the framework calls for an evaluation of
the utility of what has been produced (Stage 3 of Phase II). Thus, an evaluation of whether
the assessments have the attributes called for in planning, and of whether they allow dis-
crimination among the risk-management options, is necessary to determine whether they are
useful for decision-making. If the assessments are not determined to be adequate given the
problem formulation and risk-management options, the framework calls for a return to the
planning stage. If they are adequate, Phase III of the framework is entered.

Phase III. RISK MANAGEMENT

In Phase III of the framework, the relative health or environmental benefits of the pro-
posed risk-management options are evaluated, as are other factors relevant to decisions.
Legislative requirements are also critical to the decision process.

The purpose of Phase III is to reach decisions, fully informed by the risk assessments. A
justification for the decision, with full elucidation of the roles played by the risk informa-
tion, and other pertinent factors, should be offered. A discussion of how uncertainties in all
of the information used to develop decisions influenced those decisions is essential. Some of
the questions that are central to risk management are set out in Box 8-5.
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BOX 8-5 Elements of Phase Il of the Framework for
Risk-Based Decision-Making (Risk Management)

Analysis of Risk-Management Options

e What are the relevant health or environmental benefits of the proposed risk-management op-
tions? How are other decision-making factors (technologies, costs) affected by the proposed
options?

e Isitindicated, with a sufficient degree of certainty given the preference of risk managers, that
any of the options are preferred to a “no intervention” strategy?

e What criteria are used to assess the relative merits of the proposed options (for example, does
the risk manager consider population benefits, reductions below a predefined de miminis level,
or equity considerations)?

Risk-Management Decisions

What is the preferred risk-management decision?

Is the proposed decision scientifically, economically, and legally justified?

How will it be implemented?

How will it be communicated?

Is it necessary to evaluate the effectiveness of the decision? How should this be done?

Stakeholder Involvement

A critical feature of the framework is related to stakeholder involvement. A continuing
theme in earlier National Research Council and other expert reports on risk assessment, and
loudly echoed in opinions offered to the present committee by many commenters, concerns
the consistent failure to involve stakeholders adequately throughout the decision process.
Without such involvement, the committee sees no way to ensure that the decision process
will be satisfactory; indeed, without such involvement, it is inevitably deficient.

Figure 8-1 emphasizes that point through the box on the bottom, which spans all three
phases. In addition, the two-headed arrows are meant to represent the fact that adequate
communication among analysts and stakeholders, which is necessarily two-way, is critical
to ensure efficiency and relevance of the analyses undertaken to support decisions. Adequate
stakeholder involvement and communication among those involved in the policy and tech-
nical evaluations are difficult to achieve, but they are necessary for success. It is time that
formal processes be established to ensure implementation of effective stakeholder participa-
tion in all stages of risk assessment.

For any given problem that requires EPA action, there are certain to be a number of af-
fected parties seeking to influence the agency’s course. Some stakeholders may wish to ensure
that particular problems come to the attention of the agency and that their formulations be
adequate. Others will hope that the agency consider various possible management options,
sometimes including options that have not traditionally been part of regulatory thinking. Still
others will have proposals that they believe will improve the scientific strength of agency risk
assessments. And, of course, many parties will seek to influence ultimate decisions.

For cases in which agency actions will lead to regulations, formal procedural require-
ments are in place to allow members of the public to offer comments on proposed regula-
tions. That type of stakeholder involvement in agency activities is obviously important, but
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it is insufficient in that it applies only to formal rule-making and typically comes only at the
end of the process of decision-making. The present committee, like several that have come
before it (Chapter 2), recommends that EPA make formal a process for gathering stake-
holder views in each of the three broad phases of decision-making depicted in Figure 8-1;
conflicts of interest will need to be considered in this process. It is critical that time limits for
stakeholder involvement be well defined so that decision-making schedules can be met. In
addition, effective stakeholder participation must consider incentives to allow for balanced
participation including impacted communities and less advantaged stakeholders.

ADDITIONAL IMPROVEMENTS OFFERED BY THE FRAMEWORK

Operating under the framework can lead to improvements in the technical aspects of
analysis (including economics and other nonrisk components) and can help to improve the
basic research supporting risk assessment by allowing formal or informal value-of-informa-
tion considerations (Chapter 3). But the major advances that the framework can bring about
involve improving the quality of risk-based decision-making by raising the expectations for
what risk assessments can provide. The framework could address the frustration among
some that the current system channels substantial energy toward dissecting and comparing
problems rather than advancing decisions that deal with problems. Other important advan-
tages of the framework include the following;:

1. It augments and complements related trends in risk-assessment practice. As de-
scribed in Chapters 3 and 7, there is a need to design risk assessments to better inform the
technical aspects of risk assessment and the ultimate decision context. EPA’s Framework for
Cumulative Risk Assessment (EPA 2003) and Guidelines for Ecological Risk Assessment
(EPA 1998) endorse this approach and emphasize that it would be impossible to determine
the appropriate scope or level of resolution of an assessment in the absence of the risk-man-
agement context. The framework takes the planning stage one step further by embedding
the development of risk-management options as a formal step before the planning of the
assessment, thereby encouraging the development of risk assessments that adequately capture
important tradeoffs and cross-media exposures. In addition, the methodologic developments
proposed in Chapter 5 and elsewhere are meant in part to provide greater insight for risk
managers regarding the health-risk implications of specific management decisions, feeding
directly into the proposed framework. A related trend involves the growth of life-cycle as-
sessment, which includes many aspects of risk assessment but also evaluates a broader array
of issues related to energy use, water consumption, and other characteristics of technolo-
gies, industrial processes, and products that determine their propensity to consume natural
resources or to generate pollution. The term life cycle refers to the need to include all stages
of a business process—raw-material extraction, manufacturing, distribution, use, and dis-
posal, including all intervening transportation steps—to provide a balanced and objective
assessment of alternatives. A critical component in the planning of a life-cycle assessment is
the “functional-unit determination,” in which various alternatives are compared on the basis
of their ability to achieve a desired end point (for example, generation of a kilowatt-hour of
electricity). The approach emphasizes the need to understand the objectives of the process or
product under study, broaden the scope, and bring novel approaches and risk-management
options to the forefront, including considering pollution prevention efforts. The framework
builds on those important trends and emphasizes that risk assessments should be designed
to provide risk managers with the necessary information to discriminate among risk-man-
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agement options and that life-cycle and functional-unit thinking (if not analysis itself) will
facilitate the development of a wide array of options.

2. It makes it easier to discern “locally optimal” decisions. The framework helps to
identify locally optimal decisions (for example, choices among strategies to reduce risks posed
by a given compound) by making it more difficult to make the fundamental mathematical
error of averaging the predictions of incompatible models together. If, for example, there is
a default estimate (including parameter uncertainty, perhaps, but small with respect to the
model uncertainty) that predicts a risk X for a particular substance and a credible alterna-
tive model (with expert weight 1 — p assigned to it) that posits that the risk is zero, there is
a temptation to declare that the “best estimate” of the risk is pX. In the traditional para-
digm, if the risk assessment reports that the “best estimate” is pX, a decision-maker might
be inclined to regulate as though the baseline risk is exactly pX. Following the framework
in Figure 8-1 would bring the options to the fore and emphasize to all stakeholders that
key uncertainties might imply that different options would be chosen, depending on key
risk-assessment assumptions. In this setting, the risk characterization would more likely
take the form of the statement “there is a probability p that the risk is X, in which case
option B is preferred, and a probability 1 — p that the risk is zero, in which case option C
is preferred.” Thus, operating with the framework can sometimes help to avoid confusing
“expected-value decision-making” (a coherent although ethically controversial approach)
with “decision-making by expected value” (an incorrect and precarious approach—see Box
4-5). Careful consideration of uncertainty is not precluded by the conventional framework,
but the framework in Figure 8-1 helps to determine the degree to which key uncertainties
influence decisions among risk-management options and orients the risk assessor and other
stakeholders around such questions about uncertainty.

3. It makes it easier to identify and move toward “globally optimal” decisions. More
broadly, the framework opens the prospect of moving beyond a choice among strategies
to deal with a single substance to the development, evaluation, and selection of alternative
strategies to fulfill the function with minimum net risk. As implied by the functional-unit
definition above, this involves expanding the lens of current environmental decision-making
from primarily a single-issue and incremental-risk focus to address issues of comparative and
cumulative risk, benefits and costs, life-cycle risks, technologic innovation and public values.
We believe that questions about the risks posed by industrial processes can often be answered
better by considering risk-risk tradeoffs and evaluating risk-management options than by
studying risks in isolation from the feasible means of control. Although the expanded scope
may exceed the bounds of EPA decision-making (either in a practical sense, given current
regulations, or in a theoretical sense, given the agency’s jurisdiction), functional-unit think-
ing will help to avoid considering only local optima that represent the peaks within a valley,
will encourage the development of agencywide initiatives and strategies, and will encourage
EPA to cooperate with other federal agencies (and vice versa) to work on more sweeping
interventions that increase efficiency and minimize untoward risk-risk tradeoffs. In short,
the framework would allow EPA to compare options with appropriate use of knowledge
about uncertainty and would allow it to broaden (within reason) the set of options under
consideration.

4. It can provide the opportunity for improved public participation. The framework
can broaden the focus of inquiry from studying the risk—which may be dominated by highly
technical discussions of potency, fate and transport, mode of action, and so on—to develop-
ing and evaluating alternative interventions, which should be a more accessible and interest-
ing arena for affected stakeholders to participate in. Stakeholders (such as local communities)
may also bring particular knowledge about the benefits, costs, and implementation of risk-
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management options to a discussion. The process would recognize the roles, relationships,
and capabilities of government and nongovernment decision-makers and would ensure that
risk assessments serve their needs. The committee recognizes that effective implementation
of the framework in many cases will not be possible without the involvement of other gov-
ernmental agencies and other organizations.

5. It would make economics and risk-risk tradeoffs more central in the analysis.
Although many regulatory, legislative, and logistical constraints complicate the simultane-
ous consideration of costs of control and benefits, the framework would, where applicable
and feasible, encourage the use of similar methods between disciplines (such as the explicit
incorporation of uncertainty and variability and the development of default assumptions
and criteria for departure in economic analyses) and would spur collaboration between risk
assessors and regulatory economists. As articulated above, the framework would also make
consideration of potential risk-risk tradeoffs central in the assessment, inasmuch as the initial
planning and scoping steps and the development of risk-management options under study
would lead to an explicit discussion of the array of exposures that could be influenced by
each option.

In Appendix F, the committee presents three case examples to demonstrate how the
usefulness of risk assessments might be enhanced by implementation of the framework for
risk-based decision-making.?

POTENTIAL CONCERNS RAISED BY THE FRAMEWORK

The framework has many desirable attributes that can allow risk assessment to be maxi-
mally informative for decision-making, but various concerns could be raised about it. Some
of the concerns are misconceptions, and others are legitimate issues that would need to be
addressed. We discuss various critiques and consider their potential implications below.

Concern 1: There are many contexts in which EPA is constrained to a narrow set of options
by the structure of regulations or in which it is unclear at the outset whether a problem is
of sufficient magnitude to require an intervention or whether a potential intervention exists,
so the framework may waste effort in producing needless evaluations.

This concern has some legitimacy, but the framework does not preclude risk assessment
solely to determine the potential magnitude of a problem or to compare the impacts of op-
tions within a severely constrained solution set. As to the former, the framework is intended
to keep one eye continually on problems and one on interventions, and choosing between
one and the other is a false dichotomy. The committee believes that the current use of risk
assessment has disproportionately emphasized dissecting risks rather than implementing
possible interventions, but the pendulum does not need to (and should not) swing past a
middle ground. As to the latter, in situations where the regulatory requirements preclude
consideration of a wide array of risk-management options, EPA could both formally evalu-
ate the options that can be considered and use the framework to determine the extent to
which current constraints preclude a better risk-management strategy. At a minimum, the

3The three case examples in Appendix F address electricity generation, decision support for drinking-water
systems, and control of methylene chloride exposure in the workplace and general environment. These are stylized
examples intended to illustrate how application of the framework for risk-based decision-making might lead to a
process and outcome different from those of conventional application of risk assessment.
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framework would emphasize the need for EPA to consider risk tradeoffs and alternative
strategies explicitly when devising risk-management options.

Concern 2: The framework may exacerbate the problem of “paralysis by analysis,” both
because the analytic burdens will increase with the need to evaluate numerous options and
because risk assessments may show that uncertainties are too great to permit discrimination
among various options.

The committee proposed earlier that the framework will help risk assessments to come to
closure by focusing on the information needed to discriminate among risk-management op-
tions rather than focusing on the information needed to “get the number right.” However, it
could be argued that the need to quantify benefits among multiple potential risk-management
options, including tradeoffs and multimedia considerations, will greatly expand the ana-
lytic requirements of a given assessment, especially given that the uncertainties in a simpler
assessment may prove too large for discrimination among options. That is an important
concern, but many of the more analytically complex components (for example, cumulative
risk assessment and multimedia exposure) would be needed for any risk assessment with
a similar scope, regardless of what risk-management options are under consideration, and
the marginal time to evaluate multiple risk-management options should be relatively small
once a model has been constructed to evaluate the benefit of one option appropriately. In
addition, if the uncertainties are too large for discrimination among options on a risk basis,
it would imply simply that other considerations are central in the risk-management decisions
or that further research is required.

Concern 3: The framework will not lead to better decisions and public-health protection,
because the process does not provide for equal footing for competing interest groups.

Although the committee proposes that the framework will enhance public participa-
tion and will reduce asymmetries among stakeholders by focusing on early development of
risk-management options, there would continue to be asymmetries in the ability of different
stakeholders to get options “on the table,” given issues of political power and imbalance in
available information. More generally, the framework could potentially be manipulated if
the set of options evaluated were constrained inappropriately. In addition, the importance of
risk assessment is not reduced in the framework, so the technical imbalance would remain.
The concern is relevant, but it is not introduced by the framework, but rather is endemic to
processes that bring together government, communities, and industries to debate decisions
that will have serious economic and public-health effects. The framework could improve on
the current practice provided there is substantive stakeholder involvement throughout the
process, if stakeholder groups have sufficient technical expertise (which can be developed
over time through efforts by EPA and others), and if EPA formally addresses all suggested
options in writing (either by evaluating them quantitatively or by discussing qualitatively
how they are strictly dominated by other options and therefore do not need to be consid-
ered). The potential for manipulation is not created by the framework and in fact would
be reduced by it: risk managers can now implicitly reduce the option set by asking risk
assessors to evaluate the benefits of a preselected control scenario, and a public process to
explicitly construct a wide-ranging set of options seems preferable. As a component of the
development and implementation of the framework, EPA should propose guidelines for the
options-development step of Phase I, focusing explicitly on stakeholder participation and
formal processes for transparent selection of risk-management options to study.
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Concern 4: The framework breaks down the firewall between risk assessment and risk man-
agement, creating a potential for manipulation.

That the framework allows assessors to see the choices facing the decision-maker does
not imply that they would be involved in risk management, nor does it imply that deci-
sion-makers would have license or opportunity to impose their will on the analysis. The
framework empowers risk assessment to drive the engine that determines which options
perform best in the presence of uncertainty, variability, and public preferences, but it does not
empower risk assessors to impose their preferences on the analysis. It will remain important
in the framework to have clear risk-assessment guidelines (see, for example, Chapters 3, 3,
and 7) that can be used to conduct the assessments needed to evaluate options.

Increasing the interaction between risk assessors and risk managers requires that there
be further protection against the possibility that identified or preferred policy options will
bias the evaluation of risks or, even more problematically, that risk managers will influence
the content of the risk assessment to support preferred risk-management options. Ensuring
the integrity of evaluations along the continuum of the risk-assessment-risk-management
discussion fundamentally rests on maintaining an effective system of governance in EPA
and other organizations applying risk assessment. The governance process should have the
following elements:

o Clarity and accountability of roles and responsibilities. The extent to which risk
assessors and risk managers understand their roles and are evaluated on the basis of their
fulfilling their responsibilities will assist in mitigating concerns about potential compromise
of scientific or policy-related assessments.

o  Greater transparency of the process. Making information about the assumptions
used and judgments reached in risk-assessment and policy deliberations more widely avail-
able is itself an important safeguard against abuse.

e Documentation of the process. There needs to be appropriate documentation of the
rules and milestones of the process and of the relevant information base at all important
stages of risk-assessor-risk-manager deliberations.

o Ouersight and periodic review. EPA should submit selected decisions each year for
independent review to ensure the integrity of the risk-assessment-risk-management process.
Independent reviewers should issue a public report on their findings.

As mentioned above, the problems can occur with the current (conceptual or institu-
tional) “firewall” between assessment and management. A risk manager who keeps analysts
in the dark about the choices can still order them to “make the risk look smaller (bigger).”
Safeguards against any form of manipulation of the risk-assessment process, whether related
to the framework or not, must be in place; it seems to the committee that a process that
emphasizes evaluation of risk-management options will by definition involve broader par-
ticipation, which implies more “sunshine” and less opportunity for the type of manipulation
that the Red Book committee was justifiably concerned with.

CONCLUSIONS AND RECOMMENDATIONS

Some features of the framework may be evident in EPA programs, but its full imple-
mentation will require a substantial transition period. The committee believes that the
long-term utility of risk assessment as a decision-support tool requires that EPA operate
in the proposed framework (or a very similar one) and so urges the agency to begin the
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transition. It is perhaps useful to conceive of the transition process as involving a period of
experimentation and development of carefully selected “demonstration projects” to illustrate
the application of the framework. Selection of a few important environmental problems to
which the framework would be applied in full (with formal and time-limited stakeholder
involvement at all stages) would constitute a learning period for agency assessors, managers,
and stakeholders. Lessons from such demonstration projects could be recorded and used to
improve the framework and its application. The committee believes strongly that gradual
adoption of the framework will do much to improve the analytic power and utility of risk
assessment and will reveal this power and utility to a much wider audience; its credibility
and general acceptability will thereby be enhanced.
In summary, we recommend the following:

e The technical framework for risk assessment presented in the Red Book should
remain intact but should be embedded in a broader framework in which risk assessment is
used principally to help to discriminate among risk-management options.

e The framework for risk-based decision-making (Figure 8-1) should have as its core
elements a problem-formulation and scoping phase in which the available risk-management
options are identified, a planning and assessment phase in which risk-assessment tools are
used to determine risks under existing conditions and with proposed options, and a manage-
ment phase in which risk and nonrisk information is integrated to inform choices among
options.

e EPA should develop multiple guidance documents relevant to the framework, includ-
ing a more expansive development of the framework itself (with explicit steps to determine
the appropriate scope of the risk assessment), formal provisions for stakeholder involvement
at all stages, and methods for options development that ensure that a wide array of options
will be formally evaluated.

e  EPA should phase in the use of the framework with a series of demonstration projects
that apply the framework and that determine the degree to which the approach meets the
needs of the agency risk managers, and how risk-management conclusions differ as a result
of the revised orientation.

REFERENCES

Ashford, N.A. and C.C. Caldart. 2008. Environmental Law, Policy, and Economics: Reclaiming the Environmental
Agenda. Cambridge: MIT Press.

Clemen, R.T. 1991. Making Hard Decisions: An Introduction to Decision Analysis. Boston: PWS-Kent Pub. Co.

EPA (U.S. Environmental Protection Agency). 1998. Guidelines for Ecological Risk Assessment. EPA/630/R-
95/002F. Risk Assessment Forum, U.S. Environmental Protection Agency, Washington, DC. April 1998
[online]. Available: http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=36512 [accessed Feb. 9,
2007].

EPA (U.S. Environmental Protection Agency). 2003. Framework for Cumulative Risk Assessment. EPA/600/
P-02/001F. National Center for Environmental Assessment, Risk Assessment Forum, U.S. Environmen-
tal Protection Agency, Washington, DC [online]. Available: http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?
deid=54944 [accessed Jan. 4, 2008].

Finkel A.M. 2003. Too much of the [National Research Council’s] ‘Red Book’ is still ahead of its time. Hum. Ecol.
Risk Assess. 9(5):1253-1271.

Hattis, D., and R. Goble. 2003. The Red Book, risk assessment, and policy analysis: The road not taken. Hum.
Ecol. Risk Assess. 9(5):1297-1306.

Lave, L.B., and G.S. Omenn. 1986. Cost-effectiveness of short-term tests for carcinogenicity. Nature 324(6092):
29-34.

Lave, L.B., EK. Ennever, H.S. Rosenkranz, and G.S. Omenn. 1988. Information value of rodent bioassay. Nature
336(6200):631-633.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

IMPROVING THE UTILITY OF RISK ASSESSMENT 257

NRC (National Research Council). 1983. Risk Assessment in the Federal Government: Managing the Process.
Washington, DC: National Academy Press.

NRC (National Research Council). 1994. Science and Judgment in Risk Assessment. Washington, DC: National
Academy Press.

NRC (National Research Council). 1996. Understanding Risk: Informing Decisions in a Democratic Society. Wash-
ington, DC: National Academy Press.

NRC (National Research Council). 2002. Estimating the Public Health Benefits of Proposed Air Pollution Regula-
tions. Washington, DC: The National Academies Press.

PCCRARM (Presidential/Congressional Commission on Risk Assessment and Risk Management). 1997. Frame-
work for Environmental Health Risk Management - Final Report, Vol. 1. [online]. Available: http://www.
riskworld.com/nreports/1997/risk-rpt/pdf/EPAJAN.PDF [accessed Jan. 4, 2008].

Raiffa, H. 1968. Decision Analysis: Introductory Lectures on Choices under Uncertainty. New York: Random
House.

Weinstein, M.C., H.V. Fineberg, A.S. Elstein, H.S. Frazier, D. Neuhauser, R.R. Neutra, and B.]. McNeil. 1980.
Clinical Decision Analysis. Philadelphia: W.B. Saunders.

Copyright © National Academy of Sciences. All rights reserved.



Science and Decisions: Advancing Risk Assessment

Toward Improved Risk-Based Decision-Making

The Framework for Risk-Based Decision-Making is designed to improve risk assess-
ment by enhancing the value of risk assessment to policy-makers, expanding stakeholder
participation, and more fully informing the public, Congress, and the courts about the basis
of Environmental Protection Agency (EPA) decisions. That will require building on EPA’s
decision-making practices to expand consideration of options and developing a long-term
strategy for renewal. To shape such a strategy, this chapter identifies three categories of
prerequisites of successful transition to the framework:

o Adopting transition rules. The most successful experiences and practices that govern
current risk assessment and risk-management decision-making in EPA and other institutions
offer models for introducing agency leaders and staff to new issues and processes and for
integrating new principles and practices into the framework outlined in Chapter 8.

e Managing institutional processes. Management issues include consideration of le-
gal impediments to implementing the framework, changes in organizational structure, and
strengthening institutional capacity, for example, skills, training and other forms of knowl-
edge-building, and resources.

o Providing leadership and management. The transition will require support, including
guidance and resources, from the EPA leadership community, the executive and legislative
branches of government, and key stakeholders.

Those and related implementation recommendations signify the committee’s recognition
that assembling, evaluating, and interpreting information called for in the framework intro-
duce major changes in EPA’s various risk-assessment and decision-making processes. Some
aspects of the framework (for example, new approaches to communication and participa-
tion) may not require major new investment in the short term; however, for an institution
as large and diverse as EPA, the availability and allocation of resources—funding, time, and
personnel—are central aspects of sustaining any institutional arrangements for agencywide
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change of the magnitude outlined in Chapter 8.1 As in all enterprises, funding is a rate-limit-
ing and quality-determining step.

TRANSITION TO THE FRAMEWORK FOR RISK-BASED DECISION-MAKING

Improving the utility of risk assessment to include upfront problem formulation and
scoping and planning with an expanded array of options requires several practical steps to
ensure that risk assessors and risk managers have a clear understanding of their roles and
responsibilities and have sufficient guidance to administer them effectively. As a beginning,
EPA should examine the key functions and attributes of its decision-making processes in
relation to those recommended in this report. Although many activities are comparable (for
example, hazard assessment and dose-response assessment), others, such as life-cycle assess-
ment, will be new in many agency programs and will need to be integrated into the process
of assessing risks and the options for managing them.

Historically, even though EPA risk assessment is generally linked to decision-making,
guidance arising out of National Research Council risk-assessment reports has been directed
mainly to improving agency risk assessments with little attention to future decision-mak-
ing. The framework focuses attention on improving the utility of risk assessments to better
inform decision-making. To implement the framework, the agency will need innovative and
instructive guidance that informs its scientists, economists, lawyers, regulatory staff, senior
managers, and policy makers of their roles and, most important, fosters interaction among
them. Principles, examples, and practices drawn from “success stories” in which EPA and
other entities have used processes similar to those proposed for the framework offer starting
points for such guidance. Selected risk-based decision-making scenarios that provide realistic
illustrations of how the framework can work can be especially instructive.

The framework promotes greater attention to and use of risk-related information from
such fields as economics, psychology, and sociology—disciplines not usually involved to a
great extent in EPA assessments. While those fields may not be central in the risk assessment
itself, the framework integrates a variety of information in constructing risk-management
decisions. Increased emphasis on those fields in the framework requires extending the kind
of robust peer-review practices historically required by statute or policy for risk assessment
to cost and benefit analyses, community impact assessments, life-cycle analyses, and related
information.? The objective would be to give decision-makers, stakeholders, and the public
confidence in, and understanding of, the insights and limitations of evaluations. Improved
peer review of analyses will also add an important dimension of transparency.

INSTITUTIONAL PROCESSES

The framework presents opportunities for EPA to review and realign some institutional
processes to foster consistent approaches to using risk assessment and other analyses (in-

1This committee comment is prompted by recent congressional testimony on the impact of budget cuts on EPA’s
capacity to meet the demands of risk assessment as currently practiced (Renner 2007). The budget cuts generate
serious concern about the agency’s capacity to undertake the advanced analyses recommended in this report and
to implement a new, more data-intensive framework without concerted attention to funding and staffing as part
of governmentwide and EPA strategic planning and annual budget processes.

2As in traditional risk assessment, peer reviewers would be experts in the discipline under review—sociolo-
gists for societal impacts, economists for economic impacts, and so on. However, especially valuable would be the
addition of peer reviewers, expert in multiple disciplines, that can evaluate the risk and benefit-cost analyses that
inform different decision options.
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cluding technical and economic) to better inform risk-management decisions across EPA’s
various programs. Several processes warrant consideration.

Statutory Authority

The committee believes that it has achieved its goal of recommending substantial im-
provements that can be accomplished by refining and refocusing institutional processes with-
in existing statutory authority. Committee recommendations for expanding risk-assessment
activities to give more emphasis to, for example, cumulative risk, quantitative uncertainty
and variability analysis, and harmonizing analyses for cancer and noncancer end points call
for state-of-the-science improvements that easily fall within the agency’s existing authority:
for more than 20 years, EPA has regularly incorporated state-of-the-science improvements
of this kind to develop and amend general risk-assessment guidelines and conduct individual
assessments.

The committee’s more far-reaching recommendations—such as broad-based discussion of
risk-management options early in the process, extensive stakeholder participation through-
out the process, and consideration of life-cycle approaches in a broader array of agency
programs—can be viewed as common-sense extensions throughout the agency as a whole
of practices that are now limited to selected programs or are unevenly and incompletely
implemented. For example, EPA’s Guidelines for Ecological Risk Assessment contemplates
the kind of options-informed risk-assessment planning envisioned by the framework (EPA
1998, p. 10):

Risk assessors and risk managers both consider the potential value of conducting a risk as-
sessment to address identified problems. Their discussion explores what is known about the
degree of risk, what management options are available to mitigate or prevent it, and the value
of conducting a risk assessment compared with other ways of learning about and addressing
environmental concerns [emphasis added].

Focused attention on integrated agencywide implementation of that and other existing
guidance related to cumulative risk assessment, criteria for departing for defaults, and life-
cycle analysis would lead to some of the improvements contemplated by the framework
without new legislative initiatives.

Structural Change

In keeping with EPA’s media-based organizational structure, agency decision-making
processes are compartmentalized in line with media- and statute-specific environmental prob-
lems, legal requirements, case law, and programmatic history. This approach parallels EPA
statutes but takes little cognizance of current understanding of the multimedia, cumulative-
risk characteristics of environmental pollution and the need for multidisciplinary, cross-pro-
gram, and cross-agency analyses of scientific issues and regulatory options. The committee’s
major recommendation that EPA move to a consistent and transparent process that ensures
the right questions are being asked of the assessment will therefore require new approaches
to coordination, communication, and framing of environmental-protection options.

To adapt its current decision-making process to the framework, EPA should establish an
options-development team composed of Senior Executive Service environmental profession-
als from the major regulatory programs, the Office of Environmental Information, the Office
of General Counsel, the Office of Research and Development, and other relevant offices. The
team’s primary responsibilities would include identifying prospective decisions (or categories
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of decisions) for which risk assessments will be needed and providing risk assessors with
contextual information on the problem under review and the regulatory or other options
then? under consideration. To provide guidance for EPA risk assessors and managers and
information for stakeholders and the public, essential team functions would include

e Developing criteria for defining and selecting high-priority risk assessments for
continuing attention by the team.

e  Defining a suite of preliminary decision-making options that identify critical factors
and suggest bounds for individual risk assessments.

e Providing an explicit statement of the problem that the agency is attempting to
solve.

e Ensuring consideration of risk tradeoffs.

e Maintaining a system for tracking accountability in the preparation of individual
risk assessments and the options-development process’s contribution to and impact on the
use of each assessment in decision-making.

The options-informed process recommended in this report recognizes both regulatory
and nonregulatory options and gives EPA the flexibility to define options narrowly or
broadly, depending on the nature and extent of the problem to be solved. The nature and
scope of the options can be expected to vary from one problem to the next.

Skills, Training, and Knowledge-Building

Many risk assessments involve a complex, data-intensive, and multidisciplinary analyses.
The data come from studies on highly inbred laboratory animals and from genetically diverse
human populations, and basic monitoring data come from environmental media and sophis-
ticated analyses of biochemical mechanisms, cancer pathology, and exposure pathways. Such
analyses demand a multidisciplinary and scientifically sophisticated workforce, experienced
not only in the underlying disciplines but in special aspects of the risk-assessment process.

Quantitative uncertainty analysis and cumulative risk assessment, for example, may well
require expertise not now available in EPA or the larger scientific community in the numbers
and experience levels needed to implement recommendations in this report. As a result, imple-
menting many committee recommendations will require new expertise, and EPA may need
to expand its programs to draw on expertise in other federal agencies and private entities. In
all cases, training will be necessary on a continuing basis to ensure that staff are conversant
with advances in disciplines that contribute to risk assessment and decision-making.

Training of managers and decision-makers on risk-assessment issues is essential for the
assessor-manager discussion at the core of problem formulation and scoping, planning, and
subsequent decision-making. Those senior participants in the process can participate fully
and knowledgeably only if they are conversant with risk-assessment issues and methods. Such
training is also essential for communication between senior agency officials, stakeholders,
and other members of the public. It is equally important for technical staff to be trained to
understand and appreciate the nontechnical factors that shape some risk-management and
decision-making issues.

3As discussed in Chapter 3, the iterative nature of the overall process calls for continuing evaluation of options
as a risk assessment proceeds. The initial set of options can therefore be expected to evolve through revision, dele-
tion, and addition.
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LEADERSHIP AND MANAGEMENT

Because the development of the framework has agencywide application, it is critical
for the EPA top-leadership to participate in the development and implementation of the
framework. The leadership and participation by the EPA administrator and assistant admin-
istrators, Congress, other arms of the executive branch (for example, the Office of Science
and Technology Policy, the White House, and the Office of Management and Budget), and
major stakeholders, including other federal agencies, will be essential for improvements in
EPA’s decision-making processes.

In this context, leadership attention to several management objectives will be critical:

e Developing explicit policies that commit EPA to implementing an options-informed
process for risk assessment and risk management.

e Funding to implement these policies, including budgets adequate for preparing guid-
ance and other documents, for training to prepare EPA personnel to undertake implementa-
tion activities, and for developing an expanded knowledge base and institutional capacity
for more timely results.

e Adopting a common set of evaluation factors—applicable to all programs—for as-
sessing the outcomes of policy decisions and the efficacy of the framework.

Other activities can advance the agency’s implementation program. Ideally, the program
would include a system of workshops for managers and staff to create a learning culture
that emphasizes acquiring new knowledge, professional development, and decision-making
practices and tools aimed at effective problem-solving. In this regard, a serious commitment
to a consistent process for implementing the framework would include evaluating senior
managers, in part, on the pace and success of applying new principles and practices in in-
dividual programs. Committed leadership would also pursue opportunities for partnerships
and cooperative relationships with stakeholder organizations to expand the universe of op-
tions for problem-solving beyond traditional regulation.

In summary, informed and, in some cases, ground-breaking governance are intended
to improve EPA risk-assessment processes, focus the assessment on the relevant questions,
discourage political interference or pre-determined policy biases, and promote senior-level
oversight of the timeliness, relevance, and impact of decision-making. The present report
presents a major opportunity for EPA to re-examine its decision-making processes, innovate
reforms, and expedite change that takes account of 21st century scientific developments, the
faster pace of the global marketplace, and the needs of contemporary policy-making.

CONCLUSIONS AND RECOMMENDATIONS

The committee was given a broad charge to develop scientific and technical recommenda-
tions for improving risk-analysis approaches used by EPA. In its evaluation, the committee
focused on the scientific underpinnings of risk assessment and its role in decision-making.

Risk assessment is at a crossroads, and the credibility of this essential tool is being
challenged by stakeholders who have the potential to gain or lose from the outcome of an
assessment. Although there appears to be an expanding need for risk-based decisions, the
science underlying risk assessment and the decision contexts in which risk assessments are
being used are increasingly complex, and the value and relevance of risk assessment are being
questioned. The context of risk decisions has evolved since the development of the framework
in the 1983 National Research Council report Risk Assessment in the Federal Government:
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Managing the Process (NRC 1983), known as the Red Book, and challenges now often
include broad consideration of multiple health and ecologic effects, costs and benefits, and
risk-risk tradeoffs. The growing complexity of the process is compounded by the ever-chang-
ing nature of the science underlying many of the assumptions concerning measurement of
adverse effects, exposures, dose and response, and uncertainty in the characterization of risks.
As the science has advanced, so has the need to consider the social impacts of risk decisions
to ensure that risk assessment is relevant to stakeholder concerns.

The following conclusions and recommendations aim to provide guidance to improve
the scientific and technical basis of risk estimates, to address the characterization of vari-
ability and uncertainty, and ultimately to broaden the focus of risk analysis toward the
development of improved public-health and environmental decisions. Implementation of the
committee’s recommendations will help to ensure that risk assessments are consistent with
current and evolving scientific understanding and relevant to the various risk-management
missions of EPA.

Design of Risk Assessment

The process of planning risk assessment and ensuring that its level and complexity are
consistent with the needs to inform decision-making can be thought of as the “design” of
risk assessment. The committee encourages EPA to focus greater attention on design in
the formative stages of risk assessment, specifically on planning and scoping and problem
formulation, as articulated in EPA guidance for ecologic and cumulative risk assessment
(EPA 1998, 2003). Good design involves bringing risk managers, risk assessors, and various
stakeholders together early in the process to determine the major factors to be considered,
the decision-making context, and the timeline and depth needed and to ensure that the right
questions are being asked in the context of the assessment.

Increased emphasis on planning and scoping and on problem formulation has been
shown to lead to risk assessments that are more useful and better accepted by decision-makers
(EPA 2002, 2003, 2004); however, incorporation of these stages in risk assessment has been
inconsistent, as noted by their absence from various EPA guidance documents (EPA 2005a,
b). An important element of planning and scoping is definition of a clear set of options for
consideration in decision-making where appropriate. This should be reinforced by the up-
front involvement of decision-makers, stakeholders, and risk assessors, who together can
evaluate whether the design of the assessment will address the identified problems.

Recommendation: Increased attention to the design of risk assessment in its formative
stages is needed. The committee recommends that planning and scoping and problem
formulation, as articulated in EPA guidance documents (EPA 1998, 2003), should be
formalized and implemented in EPA risk assessments.

Uncertainty and Variability

Addressing uncertainty and variability is critical for the risk-assessment process. Un-
certainty stems from lack of knowledge, so it can be characterized and managed but not
eliminated. Uncertainty can be reduced by the use of more or better data. Variability is an
inherent characteristic of a population, inasmuch as people vary substantially in their ex-
posures and their susceptibility to potentially harmful effects of the exposures. Variability
cannot be reduced, but it can be better characterized with improved information.

There have been substantial differences among EPA’s approaches to and guidance for
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addressing uncertainty in exposure and dose-response assessment. EPA does not have a con-
sistent approach to determine the level of sophistication or the extent of uncertainty analysis
needed to address a particular problem. The level of detail for characterizing uncertainty
is appropriate only to the extent that it is needed to inform specific risk-management deci-
sions appropriately. It is important to address the required extent and nature of uncertainty
analysis in the planning and scoping phases of a risk assessment. Inconsistencies in the treat-
ment of uncertainty among components of a risk assessment can make the communication
of overall uncertainty difficult and sometimes misleading.

Variability in human susceptibility has not received sufficient or consistent attention in
many EPA health risk assessments although there are encouraging exceptions, such as those
for lead, ozone, and sulfur oxides. For example, although EPA’s 2005 Guidelines for Car-
cinogen Risk Assessment (EPA 2005a) acknowledges that susceptibility can depend on one’s
stage in life, this requires greater attention in practice, particularly for specific population
groups that may have greater susceptibility because of their age, ethnicity, or socioeconomic
status. The committee encourages EPA to move toward the long-term goal of quantifying
population variability more explicitly in exposure assessment and dose-response relation-
ships. An example of progress that moves towards this goal is EPA’s draft risk assessment of
trichloroethylene (EPA 2001; NRC 2006), which considers how differences in metabolism,
disease, and other factors contribute to human variability in response to exposures.

Recommendation: EPA should encourage risk assessments to characterize and commu-
nicate uncertainty and variability in all key computational steps of risk assessment—for
example, exposure assessment and dose-response assessment. Uncertainty and variability
analysis should be planned and managed to reflect the needs for comparative evalua-
tion of the risk-management options. In the short term EPA, should adopt a “tiered”
approach for selecting the level of detail to be used in the uncertainty and variability
assessments, and this should be made explicit in the planning stage. To facilitate the
characterization and interpretation of uncertainty and variability in risk assessments,
EPA should develop guidance to determine the appropriate level of detail needed in un-
certainty and variability analyses to support decision-making and should provide clear
definitions and methods for identifying and addressing different sources of uncertainty
and variability.

Selection and Use of Defaults

Uncertainty is inherent in all stages of risk assessment, and EPA typically relies on as-
sumptions when chemical-specific data are not available. The 1983 Red Book recommended
the development of guidelines to justify and select from among the available inference op-
tions, the assumptions—now called defaults—to be used in agency risk assessments to ensure
consistency and avoid manipulations in the risk-assessment process. The committee acknowl-
edges EPA’s efforts to examine scientific data related to defaults (EPA 1992, 2004, 2005a),
but recognizes that changes are needed to improve the agency’s use of them. Much of the
scientific controversy and delay in completion of some risk assessments has stemmed from
the long debates regarding the adequacy of the data to support a default or an alternative
approach. The committee concludes that established defaults need to be maintained for the
steps in risk assessment that require inferences and that clear criteria should be available for
judging whether, in specific cases, data are adequate for direct use or to support an inference
in place of a default. EPA, for the most part, has not yet published clear, general guidance
on what level of evidence is needed to justify use of agent-specific data and not resort to a
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default. There are also a number of defaults (missing or implicit defaults) that are engrained
in EPA risk-assessment practice but are absent from its risk-assessment guidelines. For ex-
ample, chemicals that have not been examined sufficiently in epidemiologic or toxicologic
studies are often insufficiently considered in or are even excluded from risk assessments;
because no description of their risks is included in the risk characterization, they carry no
weight in decision-making. That occurs in Superfund-site and other risk assessments, in
which a relatively short list of chemicals on which there are epidemiologic and toxicologic
data tends to drive the exposure and risk assessments.

Recommendation: EPA should continue and expand use of the best, most current science
to support and revise default assumptions. EPA should work toward the development
of explicitly stated defaults to take the place of implicit defaults. EPA should develop
clear, general standards for the level of evidence needed to justify the use of alternative
assumptions in place of defaults. In addition, EPA should describe specific criteria that
need to be addressed for the use of alternatives to each particular default assumption.
When EPA elects to depart from a default assumption, it should quantify the implications
of using an alternative assumption, including how use of the default and the selected
alternative influences the risk estimate for risk-management options under consideration.
EPA needs to more clearly elucidate a policy on defaults and provide guidance on its
implementation and on evaluation of its impact on risk decisions and on efforts to protect
the environment and public health.

A Unified Approach to Dose-Response Assessment

A challenge to risk assessment is to evaluate risks in ways that are consistent among
chemicals, that account adequately for variability and uncertainty, and that provide informa-
tion that is timely, efficient, and maximally useful for risk characterization and risk manage-
ment. Historically, dose-response assessments at EPA have been conducted differently for
cancer and noncancer effects, and the methods have been criticized for not providing the
most useful results. Consequently, noncancer effects have been underemphasized, especially
in benefit-cost analyses. A consistent approach to risk assessment for cancer and noncancer
effects is scientifically feasible and needs to be implemented.

For cancer, it has generally been assumed that there is no dose threshold of effect, and
dose-response assessments have focused on quantifying risk at low doses and estimating a
population risk for a given magnitude of exposure. For noncancer effects, a dose threshold
(low-dose nonlinearity) has been assumed, below which effects are not expected to occur
or are extremely unlikely in an exposed population; that dose is a reference dose (RfD) or
a reference concentration (RfC)—it is thought “likely to be without an appreciable risk of
deleterious effects” (EPA 2002).

EPA’s treatment of noncancer and low-dose nonlinear cancer end points is a major step
by the agency in an overall strategy to harmonize cancer and noncancer approaches to dose-
response assessment; however, the committee finds scientific and operational limitations in
the current approaches. Noncancer effects do not necessarily have a threshold, or low-dose
nonlinearity, and the mode of action of carcinogens varies. Background exposures and under-
lying disease processes contribute to population background risk and can lead to linearity at
the population doses of concern. Because the RfD and RfC do not quantify risk for different
magnitudes of exposure but rather provide a bright line between possible harm and safety,
their use in risk-risk and risk-benefit comparisons and in risk-management decision-making
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is limited. Cancer risk assessments usually do not account for differences among humans in
cancer susceptibility other than possible differences in early-life susceptibility.

Scientific and risk-management considerations both support unification of cancer and
noncancer dose-response assessment approaches. The committee therefore recommends a
consistent, unified approach for dose-response modeling that includes formal, systematic
assessment of background disease processes and exposures, possible vulnerable populations,
and modes of action that may affect a chemical’s dose-response relationship in humans. That
approach redefines the RfD or RfC as a risk-specific dose that provides information on the
percentage of the population that can be expected to be above or below a defined accept-
able risk with a specific degree of confidence. The risk-specific dose will allow risk managers
to weigh alternative risk options with respect to that percentage of the population. It will
also permit a quantitative estimate of benefits for different risk-management options. For
example, a risk manager could consider various population risks associated with exposures
resulting from different control strategies for a pollution source and the benefits associated
with each strategy. The committee acknowledges the widespread applications and public-
health utility of the RfD; the redefined RfD can still be used as the RfD has been to aid
risk-management decisions.

Characteristics of the committee’s recommended unified dose-response approach include
use of a spectrum of data from human, animal, mechanistic, and other relevant studies; a
probabilistic characterization of risk; explicit consideration of human heterogeneity (includ-
ing age, sex, and health status) for both cancer and noncancer end points; characterization
(through distributions to the extent possible) of the most important uncertainties for cancer
and noncancer end points; evaluation of background exposure and susceptibility; use of
probabilistic distributions instead of uncertainty factors when possible; and characterization
of sensitive populations.

The new unified approach will require implementation and development as new chemi-
cals are assessed or old chemicals are reassessed, including the development of test cases to
demonstrate proof of concept.

Recommendation: The committee recommends that EPA implement a phased-in ap-
proach to consider chemicals under a unified dose-response assessment framework that
includes a systematic evaluation of background exposures and disease processes, possible
vulnerable populations, and modes of action that may affect human dose-response rela-
tionships. The RfD and RfC should be redefined to take into account the probability of
harm. In developing test cases, the committee recommends a flexible approach in which
different conceptual models can be applied in the unified framework.

Cumulative Risk Assessment

EPA is increasingly asked to address broader public-health and environmental-health
questions involving multiple exposures, complex mixtures, and vulnerability of exposed
populations—issues that stakeholder groups (such as communities affected by environmental
exposures) often consider to be inadequately captured by current risk assessments. There
is a need for cumulative risk assessments as defined by EPA (EPA 2003)—assessments that
include combined risks posed by aggregate exposure to multiple agents or stressors; aggre-
gate exposure includes all routes, pathways, and sources of exposure to a given agent or
stressor. Chemical, biologic, radiologic, physical, and psychologic stressors are considered
in this definition (Callahan and Sexton 2007).

The committee applauds the agency’s move toward the broader definition in making
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risk assessment more informative and relevant to decisions and stakeholders. However, in
practice, EPA risk assessments often fall short of what is possible and is supported by agency
guidelines in this regard. Although cumulative risk assessment has been used in various con-
texts, there has been little consideration of nonchemical stressors, vulnerability, and back-
ground risk factors. Because of the complexity of considering so many factors simultaneously,
there is a need for simplified risk-assessment tools (such as databases, software packages,
and other modeling resources) that would allow screening-level risk assessment and could
allow communities and stakeholders to conduct assessments and thus increase stakeholder
participation. Cumulative human health risk assessment should draw greater insights from
ecologic risk assessment and social epidemiology, which have had to grapple with similar
issues. A recent National Research Council report on phthalates addresses issues related to
the framework within which dose-response assessment can be conducted in the context of
simultaneous exposures to multiple stressors (NRC 2008).

Recommendation: EPA should draw on other approaches, including those from ecologic
risk assessment and social epidemiology, to incorporate interactions between chemical
and nonchemical stressors in assessments; increase the role of biomonitoring, epide-
miologic, and surveillance data in cumulative risk assessments; and develop guidelines
and methods for simpler analytical tools to support cumulative risk assessment and to
provide for greater involvement of stakeholders. In the short-term, EPA should develop
databases and default approaches to allow for incorporation of key nonchemical stress-
ors in cumulative risk assessments in the absence of population-specific data, considering
exposure patterns, contributions to relevant background processes, and interactions with
chemical stressors. In the long-term, EPA should invest in research programs related
to interactions between chemical and nonchemical stressors, including epidemiologic
investigations and physiologically based pharmacokinetic modeling.

Improving the Utility of Risk Assessment

Given the complexities of the current problems and potential decisions faced by EPA,
the committee grappled with designing a more coherent, consistent, and transparent pro-
cess that would provide risk assessments that are relevant to the problems and decisions at
hand and that would be sufficiently comprehensive to ensure that the best available options
for managing risks were considered. To that end, the committee proposes a framework for
risk-based decision-making (see Figure 9-1). The framework consists of three phases: I,
enhanced problem formulation and scoping, in which the available risk-management op-
tions are identified; II, planning and assessment, in which risk-assessment tools are used to
determine risks under existing conditions and under potential risk-management options; and
I, risk management, in which risk and nonrisk information is integrated to inform choices
among options.

The framework has at its core the risk-assessment paradigm (stage 2 of phase II) estab-
lished in the Red Book (NRC 1983). However, the framework differs from the Red Book
paradigm, primarily in its initial and final steps. The framework begins with a “signal” of
potential harm (for example, a positive bioassay or epidemiologic study, a suspicious disease
cluster, or findings of industrial contamination). Under the traditional paradigm, the ques-
tion has been, What are the probability and consequence of an adverse health (or ecologic)
effect posed by the signal? In contrast, the recommended framework asks, implicitly, What
options are there to reduce the hazards or exposures that have been identified, and how can
risk assessment be used to evaluate the merits of the various options? The latter question
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focuses on the risk-management options (or interventions) designed to provide adequate
public-health and environmental protection and to ensure well-supported decision-mak-
ing. Under this framework, the questions posed arise from early and careful planning of
the types of assessments (including risks, costs, and technical feasibility) and the required
level of scientific depth that are needed to evaluate the relative merits of the options being
considered.* Risk management involves choosing among the options after the appropriate
assessments have been undertaken and evaluated.

The framework begins with enhanced problem formulation and scoping (phase I), in
which risk-management options and the types of technical analyses, including risk assess-
ments, needed to evaluate and discriminate among the options are identified. Phase II consists
of three stages: planning, risk assessment, and confirmation of utility. Planning (stage 1) is
done to ensure that the level and complexity of risk assessment (including uncertainty and
variability analysis) are consistent with the goals of decision-making. After risk assessment
(stage 2), stage 3 evaluates whether the assessment was appropriate and whether it allows
discrimination among the risk-management options. If the assessment is not determined to
be adequate, the framework calls for a return to planning (phase II, stage 1). Otherwise,
phase III (risk management) is undertaken: the relative health or environmental benefits of the
proposed risk-management options are evaluated for the purpose of reaching a decision.

The framework systematically identifies problems and options that risk assessors should
evaluate at the earliest stages of decision-making. It expands the array of impacts assessed
beyond individual effects (for example, cancer, respiratory problems, and individual species)
to include broader questions of health status and ecosystem protection. It provides a formal
process for stakeholder involvement throughout all stages but has time constraints to en-
sure that decisions are made. It increases understanding of the strengths and limitations of
risk assessment by decision-makers at all levels, for example, by making uncertainties and
choices more transparent.

The committee is mindful of concerns about political interference in the process, and
the framework maintains the conceptual distinction between risk assessment and risk man-
agement articulated in the Red Book. It is imperative that risk assessments used to evalu-
ate risk-management options not be inappropriately influenced by the preferences of risk
managers.

With a focus on early and careful planning and problem formulation and on the options
for managing the problem, implementation of the framework can improve the utility of risk
assessment for decision-making. Although some aspects of the framework are achievable
in the short term, its full implementation will require a substantial transition period. EPA
should phase in the framework with a series of demonstration projects that apply it and
that determine the degree to which it meets the needs of the agency risk managers, how
risk-management conclusions differ as a result of its application, and the effectiveness of
measures to ensure that risk managers and policy-makers do not inappropriately influence
the scientific conduct of risk assessments.

Recommendation: To make risk assessments most useful for risk-management deci-
sions, the committee recommends that EPA adopt a framework for risk-based decision-
making (see Figure 9-1) that embeds the Red Book risk-assessment paradigm into a
process with initial problem formulation and scoping, upfront identification of risk-
management options, and use of risk assessment to discriminate among these options.

#The committee notes that not all decisions require or are amenable to risk assessment and that in most cases
one of the options explicitly considered is “no intervention.”
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Stakeholder Involvement

Many stakeholders believe that the current process for developing and applying risk as-
sessments lacks credibility and transparency. That may be partly because of failure to involve
stakeholders adequately as active participants at appropriate points in the risk-assessment
and decision-making process rather than as passive recipients of the results. Previous Na-
tional Research Council and other risk-assessment reports (NRC 1996; PCCRARM 1997)
and comments received by the committee (Callahan 2007; Kyle 2007) echo such concerns.

The committee agrees that greater stakeholder involvement is necessary to ensure that
the process is transparent and that risk-based decision-making proceeds effectively, efficiently,
and credibly. Stakeholder involvement needs to be an integral part of the risk-based deci-
sion-making framework, beginning with problem formulation and scoping.

Although EPA has numerous programs and guidance documents related to stakeholder
involvement, it is important that it adhere to its own guidance, particularly in the con-
text of cumulative risk assessment, in which communities often have not been adequately
involved.

Recommendation: EPA should establish a formal process for stakeholder involvement
in the framework for risk-based decision-making with time limits to ensure that deci-
sion-making schedules are met and with incentives to allow for balanced participation
of stakeholders, including impacted communities and less advantaged stakeholders.

Capacity-Building

Improving risk-assessment practice and implementing the framework for risk-based deci-
sion-making will require a long-term plan and commitment to build the requisite capacity
of information, skills, training, and other resources necessary to improve public-health and
environmental decision-making. The committee’s recommendations call for considerable
modification of EPA risk-assessment efforts (for example, implementation of the risk-based
decision-making framework, emphasis on problem formulation and scoping as a discrete
stage in risk assessment, and greater stakeholder participation) and of technical aspects of
risk assessment (for example, unification of cancer and noncancer dose-response assessments,
attention to quantitative uncertainty analysis, and development of methods for cumulative
risk assessment). The recommendations are tantamount to “change-the-culture” transforma-
tions in risk assessment and decision-making in the agency.

EPA’s current institutional structure and resources may pose a challenge to implementa-
tion of the recommendations, and moving forward with them will require a commitment
to leadership, cross-program coordination and communication, and training to ensure
the requisite expertise. That will be possible only if leaders are determined to reverse the
downward trend in budgeting, staffing, and training and to making high-quality, risk-based
decision-making an agencywide goal.

Recommendation: EPA should initiate a senior-level strategic re-examination of its risk-
related structures and processes to ensure that it has the institutional capacity to imple-
ment the committee’s recommendations for improving the conduct and utility of risk
assessment for meeting the 21st century environmental challenges. EPA should develop
a capacity building plan that includes budget estimates required for implementing the
committee’s recommendations, including transitioning to and effectively implementing
the framework for risk-based decision-making.
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been an adjunct faculty member of the Oregon Health & Science University, where he taught
courses in risk communication, toxicology, and risk assessment. Dr. Hope served on a number
of Environmental Protection Agency (EPA) Science Advisory Board committees. Recently, he
served as a panelist in the Workshop on Ecological Risk Assessment—An Evaluation of the
State-of-the-Practice and on EPA’s Regulatory Environmental Modeling Guidance Advisory
Panel. He received his PhD in biology from the University of Southern California.

Jonathan L. Levy is an associate professor of environmental health and risk assessment in
the Department of Environmental Health and the Department of Health Policy and Man-
agement at the Harvard School of Public Health and an affiliate of the Harvard Center
for Risk Analysis. His research interests include quantitative risk assessment with a focus
on air-pollution-related health risks in urban environments, development of quantitative
measures of environmental equity suitable for risk assessment and benefit-cost analyses,
and development and application of exposure models for multiple pollutants in urban low-
income settings. Dr. Levy previously served on the National Research Council Committee
on the Effects of Changes in New Source Review Programs for Stationary Sources of Air
Pollutants. He received his ScD from the Harvard School of Public Health in environmental
science and risk management.

Thomas E. McKone is senior staff scientist and deputy department head at the Lawrence
Berkeley National Laboratory and an adjunct professor and researcher at the University of
California, Berkeley School of Public Health. Dr. McKone’s research interests include the
use of multimedia compartment models in health-risk assessments, chemical transport and
transformation in the environment, and measuring and modeling the biophysics of contami-
nant transport from the environment into the microenvironments with which humans have
contact and across the human-environment exchange boundaries—skin, lungs, and gut. One
of Dr. McKone’s most recognized achievements was his development of the CalTOX risk-
assessment framework for the California Department of Toxic Substances Control. He has
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been a member of several National Research Council committees, including the Committees
on Environmental Decision Making: Principles and Criteria for Models, EPA’s Exposure and
Human Health Reassessment of TCDD and Related Compounds, Toxicants and Pathogens
in Biosolids Applied to Land, and Toxicology. Dr. McKone was recently appointed by Cali-
fornia Governor Arnold Schwarzenegger to the California Scientific Guidance Panel. He is
a fellow of the Society for Risk Analysis, former president of the International Society of
Exposure Analysis, and a member the Organizing Committee for the International Life-Cycle
Initiative, a joint effort of the UN Environment Program and the Society for Environmental
Toxicology and Chemistry. He earned his PhD in engineering from the University of Cali-
fornia at Los Angeles.

Gregory M. Paoli is a co-founder and principal risk scientist at Risk Sciences International
based in Ottawa, Canada. He has experience in the development and application of risk analysis
methods in diverse risk domains including microbiologic, toxic, and nutritional hazards, cli-
mate-change adaptation, air quality, drinking water, engineering devices, risk-based sampling
and inspection, and a number of comparative risk assessment applications. His consulting ac-
tivities also include risk management and risk communication, primarily for public-sector cli-
ents. Mr. Paoli previously served on the National Research Council Committee on the Review
of the USDA E. coli 0157:H7 Farm-to-Table Process Risk Assessment. He serves on numer-
ous expert panels including expert consultations convened by the World Health Organization
(JEMRA), advisory panels of Canada’s National Roundtable on the Environment and the Econ-
omy, Health Canada’s Expert Advisory Committee on Antimicrobial Resistance Risk Assess-
ment and the Canadian Standards Association’s Technical Committee on Risk Management.
Mr. Paoli is a member of the editorial board of Risk Analysis and served as a councilor of
the Society for Risk Analysis. Mr. Paoli earned a master of applied science degree in systems
design engineering from the University of Waterloo.

Charles Poole is associate professor in the Department of Epidemiology at the University
of North Carolina School of Public Health. Previously, he was with the Boston University
School of Public Health. Dr. Poole’s work focuses on the development and use of epidemio-
logic methods and principles, including problem definition, study design, data collection,
statistical analysis, and interpretation and application of research results. His research ex-
perience includes studies in environmental and occupational epidemiology. Dr. Poole was
an epidemiologist in the Environmental Protection Agency Office of Pesticides and Toxic
Substances for 5 years and worked for a decade as an epidemiologic consultant. Dr. Poole
was a member of the Institute of Medicine Committee on Gulf War and Health: Review of
the Literature on Pesticides and Solvents and the National Research Council Committees
on Estimating the Health-Risk-Reduction Benefits of Proposed Air Pollution Regulations,
on Fluoride in Drinking Water, and on the Review the OMB Risk Assessment Bulletin. He
received his ScD in epidemiology from the Harvard School of Public Health.

Joseph V. Rodricks is a founding principal of ENVIRON International Corporation. Dr.
Rodricks has expertise in toxicology and risk analysis and in their uses in regulation. He
was formerly deputy associate commissioner for health affairs and toxicologist for the Food
and Drug Administration, and he is now a visiting professor at the Johns Hopkins University
Bloomberg School of Public Health. Dr. Rodricks’s experience includes chemical products
and contaminants in foods, food ingredients, air and water pollution, hazardous wastes, the
workplace, consumer products, and medical devices and pharmaceutical products. He has
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consulted for manufacturers, government agencies, and the World Health Organization. He
has more than 150 publications on toxicology and risk analysis, and he has lectured nation-
ally and internationally on these topics. He has been a diplomate of the American Board of
Toxicology since 1982. Dr. Rodricks has served on numerous National Research Council and
Institute of Medicine committees and currently serves on the Board on Environmental Studies
and Toxicology. He earned his PhD in biochemistry from the University of Maryland.

Bailus Walker, Jr., (IOM) is professor of environmental and occupational medicine at
Howard University College of Medicine. His research interests include lead toxicity, envi-
ronmental carcinogenesis, and the social and economic dimensions of environmental-risk
management strategies. He was the commissioner of public health for the Commonwealth
of Massachusetts and, earlier, state director of public health for Michigan. In other regula-
tory and service work, Dr. Walker was director of the Health Standards Division of the
U.S. Occupational Safety and Health Administration (OSHA). In academe, his assignments
have included being a professor of environmental health and toxicology at the University at
Albany, State University of New York at Albany, and dean of the Faculty of Public Health
at the University of Oklahoma Health Sciences Center, Oklahoma City. Dr. Walker has also
served as chairman of the Board of Scientific Counselors of the Agency for Toxic Substance
and Disease Registry and is senior science adviser on environmental health to the National
Library of Medicine. He is a past president of the American Public Health Association and
a Distinguished Fellow of the Royal Society of Health (London, England) and the American
College of Epidemiology. Dr. Walker is a member of the Institute of Medicine and served for
two terms on the Board of Environmental Studies and Toxicology (BEST) of the National
Research Council. In addition, he served on a number of other National Research Council
committees, including being chair of the Committee on Toxicology and a member of the
Committee on Estimating Mortality Risk Reduction Benefits from Decreasing Tropospheric
Ozone Exposure. Dr. Walker received his PhD in occupational and environmental medicine
from the University of Minnesota at Minneapolis.

Terry F. Yosie is president and CEO of the World Environment Center, a nonprofit, non-
advocacy organization whose mission is to advance sustainable development through the
private sector in partnership with government, nongovernment organization, academic, and
other stakeholders. From 2001 through 2005, Dr. Yosie served as the American Chemistry
Council’s vice president for the Responsible Care initiative, a performance program that
includes environmental, health, and safety management; product stewardship; security; and
other aspects of the business value chain. He has about 25 years of professional experience
in managing and analyzing the use of scientific information in the setting of environmental
standards. He was the first executive director of the Clean Air Scientific Advisory Commit-
tee, which is responsible for reviewing the scientific basis of national ambient air quality
standards. He served as director of the Environmental Protection Agency (EPA) Science
Advisory Board from 1981 to 1988 and instituted policies and procedures for enhancing the
use of scientific information in regulatory decision-making. Dr. Yosie was vice president for
health and environment at the American Petroleum Institute and executive vice president of
Ruder Finn consultancy, where he was responsible for the firm’s environmental-management
practice. He has served on a number of National Research Council committees and boards,
including the Committee to Review the Structure and Performance of the Health Effects
Institute, the Committee on Research Priorities for Airborne Particulate Matter, and the
Board on Environmental Studies and Toxicology. He is the author of about 60 publications
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on the use of scientific information in the development of public health and environmental
policies. He earned his doctorate from the College of Humanities and Social Sciences at
Carnegie Mellon University in 1981.

Lauren Zeise is chief of the reproductive and cancer hazard assessment branch of the Califor-
nia Environmental Protection Agency. Her current work focuses on cancer and reproductive
hazard risk assessments, assessment methods, cumulative impact analysis, and the California
Environmental Chemical Biomonitoring Program. She has served on advisory boards of
the U.S. Environmental Protection Agency, the World Health Organization, the Office of
Technology Assessment, and the National Institute of Environmental Health Sciences. She
has also served on several Institute of Medicine and National Research Council committees,
including the Committees on Risk Characterization, on Toxicity Testing and Assessment of
Environmental Agents, on Comparative Toxicology of Naturally Occurring Carcinogens, on
Copper in Drinking Water, and on Review of EPA’s Research Grants Program. Dr. Zeise is a
member of the National Research Council Board on Environmental Studies and Toxicology.
She received her PhD from Harvard University.
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Statement of Task of the Committee on
Improving Risk Analysis Approaches Used by the
Environmental Protection Agency

An NRC committee will develop scientific and technical recommendations for improv-
ing the risk analysis approaches used by the Environmental Protection Agency (EPA).
Taking into consideration past evaluations and ongoing studies by the NRC and others,
the committee will conduct a scientific and technical review of EPA’s current risk analysis
concepts and practices. The committee will consider analyses applied to contaminants
in all environmental media (water, air, food, soil) and all routes of exposure (ingestion,
inhalation, and dermal absorption). The committee will focus primarily on human health
risk analysis and will comment on the broad implications of its findings and recommenda-
tions to ecological risk analysis. In making recommendations, the committee will indicate
practical improvements that can be made in the near term (2-5 years) and improvements
that would be made over a longer term (10-20 years). The committee will address topics
such as the following:

e Increased role for probabilistic analysis in risk analysis, including the potential
expanded role for expert elicitation.

e Scientific bases for and alternatives to default assumption choices made in areas of
uncertainty.

e Quantitative characterization of uncertainty resulting from all steps in the risk
analysis.

e Approaches for assessing cumulative risk resulting from multiple exposures to con-
taminant mixtures, involving multiple sources, pathways, routes.

e Variability in receptor populations, especially sensitive subpopulations and critical
life stages.

e Biologically relevant modes of action for estimating dose-response relationships, and
quantitative implications of different modes.

e Improvements in environmental transport and fate models, exposure models, physi-
ologically based pharmacokinetic (PBPK) models, and dose-response models.
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e How the concepts and practices of ecological risk analysis can help inform and
improve the concepts and practices of human health risk analysis, and vice versa.

e Scientific basis for derivation of uncertainty factors.

e  Use of value-of-information analyses and other techniques to identify priorities and
approaches for research to obtain relevant data to increase the utility of risk analyses.
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Timeline of Selected Environmental Protection
Agency Risk-Assessment Activities
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TABLE C-1 Timeline of Selected EPA Risk-Assessment Activities

Date and Title of Milestone

Comments?

EPA 1976 Interim
Procedures and Guidelines
for Health Risk and
Economic Impact
Assessments of Suspected
Carcinogens

NRC 1983 Risk
Assessment in the Federal
Government: Managing the
Process

EPA 1984 Risk Assessment
and Management:
Framework for Decision
Making

1984 Risk Assessment
Forum Charter

OSTP 1985 Chemical
Carcinogens: Review of the
Science and Its Associated
Principles

EPA 1986a Memorandum:
Establishment of the Risk
Assessment Council

First agency “inference” guidelines on cancer risk. “How likely is the
risk to occur, and if it does occur, what are the consequences? How
likely is an agent to be a human carcinogen? How much cancer might
be produced by the agent if it remains unregulated?”

Seminal risk-assessment report that established the four organizing
principles for government risk efforts: hazard identification, dose-
response assessment, exposure assessment, and risk characterization.
Report also recommended that uniform inference guidelines be
developed and that regulatory agencies take steps to establish and
maintain a clear distinction between risk-assessment and risk-
management activities.

Definition of Risk Assessment: characterization of potential adverse
health effects of human exposure to environmental hazards.

EPA’s response to NRC (1983), Risk Assessment in the Federal
Government: Managing the Process. Discusses EPA’s activities to address
recommendations in the 1983 NRC report, including establishing the
Risk Assessment Forum and efforts to develop six risk-assessment
guidelines. Risk-management activities were expanded to include
cost-effectiveness tools that could be used in risk management, the
importance of strengthening communication in risk management,

and risk-management principles, such as consistency of approach in
making decisions. Prompted training program for EPA senior managers
with emphasis on the distinction between risk-assessment and risk-
management activities.

Definition of Risk Assessment: In simplest sense, population risks
posed by toxic pollutants are a function of two measurable factors:
hazard and exposure. To cause a risk, a chemical has to be both toxic
(present as intrinsic hazard) and present in the human environment

at some substantial level (provide opportunity for human exposure).
Risk assessment interprets evidence on the two points, judging whether
an adverse effect will occur and (if appropriate) making the necessary
calculations to estimate the extent of total effects.

In 1984, the Risk Assessment Forum (RAF) is established in response
to an NRC (1983) recommendation “to promote consensus on risk
assessment issues.” RAF convenes risk-assessment experts to study and
report on risk-assessment issues. RAF has produced risk-assessment
guidelines, technical panel reports on special risk-assessment issues, and
peer-consultation and peer-review workshops (EPA 2002a).

Report details 31 principles developed by interagency group for
carcinogenicity evaluations in regulatory settings.

The Risk Assessment Council is established in 1986 by Lee Thomas to
“oversee virtually all aspects of the Agency’s risk assessment process,
to identify issues and problems with that process” (EPA 1986a), and
to ensure that EPA programs use risk assessment in a consistent and
scientifically credible fashion.

Copyright © National Academy of Sciences. All rights reserved.



APPENDIX C

TABLE C-1 Continued

Science and Decisions: Advancing Risk Assessment

285

Date and Title of Milestone

Comments?

EPA 1986b Guidelines
for Carcinogen Risk
Assessment

EPA 1986¢ Guidelines
for Mutagenicity Risk
Assessment

EPA 1986d Guidelines for
Chemical Mixtures Risk
Assessment

EPA 1987 Unfinished
Business: A Comparative
Assessment of
Environmental Problems

EPA 1989 Risk Assessment
Guidance for Superfund
(RAGS)

The 1986 guidelines, developed to address an NRC (1983)
recommendation to craft cancer inference guidelines, incorporate
concepts and approaches established since the previous cancer guidelines
were released in 1976.

The guidelines state that “a consistent approach to the evaluation of
mutagenic risk from chemical substances arises from the authority
conferred upon the Agency by a number of statutes to regulate potential
mutagens” (EPA 1986c, p. 2).

Definition of Risk Assessment: Risk assessment comprises hazard
identification, dose-response assessment, exposure assessment, and
risk characterization (NRC 1983). Hazard identification is qualitative
risk assessment, dealing with the inherent toxicity of a chemical
substance. A qualitative mutagenicity assessment answers the question
of how likely an agent is to be a human mutagen. The three remaining
components constitute quantitative risk assessment, which provides a
numerical estimate of the public-health consequences of exposure to
an agent. The quantitative mutagenicity risk assessment deals with the
question of how much mutational damage is likely to be produced by
exposure to a given agent under particular exposure scenarios.

Details agency approaches to assessing risks posed by complex chemical
mixtures with supplementary update in EPA (2000a).

Assesses agency resource allocations relative to magnitude of risks and
protection gained.

“Many new [environmental] problems are difficult to evaluate; many
involve toxic chemicals that can cause cancer or birth defects at levels
of exposure that are hard to detect; and many involve persistent
contaminants that can move from one environment medium to another,
causing further damage even after controls have been applied for one
medium. The complexity and gravity of these issues make it particularly
important that EPA apply its finite resources where they will have the
greatest effect. Thus, the Administrator of EPA commissioned a special
task force of senior career managers and technical experts to assist him
and other policy makers in the task. The assignment was to compare
the risks currently associated with major environmental problems” (EPA
1987, p. xiii).

Provides guidance on conducting site-specific risk assessments at
Superfund sites. About four pages are devoted to planning and scoping.
See EPA 1989 Risk Assessment Guidance for Superfund, Vol. 1—
Human Health Evaluation Manual, Parts A-E; Baseline Assessment (EPA
1989), Community Involvement (EPA 1999); Preliminary Remediation
Goals (EPA 1991a); Remedial Alternatives (EPA 1991b); Standardized
Planning and Reporting, and Dermal Risk Assessment (EPA 2001).

Continued
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Date and Title of Milestone

Comments?

NRC 1989 Improving Risk
Communication

EPA SAB 1990 Reducing
Risk: Setting Priorities
and Strategies for
Environmental Protection

1990 Amendments to the
Clean Air Act

EPA 1991c¢ Guidelines for
Developmental Toxicity
Risk Assessment

EPA 1991d Alpha2u-
Globulin: Association with
Chemically Induced Renal
Toxicity and Neoplasia in
the Male Rat

EPA 1992a Guidance on

Risk Characterization for
Risk Managers and Risk

Assessors

EPA 1992b Developing a
Work Scope for Ecological
Assessments

EPA 1992¢ Guidelines for
Exposure Assessment

Risk communication is a two-way process involving participation of and
information exchange between the scientist and the public.

Definition of Risk Assessment: Generally refers to characterization of
potential adverse effects of exposures to hazards.

Characterization of potential adverse effects of exposures to hazards;
includes estimates of risk and of uncertainties in measurements, analytic
techniques, and interpretive models; quantitative risk assessment
characterizes risk in numerical representations.

Science Advisory Board peer review of 1987’s Unfinished Business—
“National policy affecting the environment must become more
integrated and more focused on opportunities for environmental
improvement than it has been in the past. . . . Integration in this

case means that government agencies should assess the range of
environmental problems of concern and then target protective efforts
at the problems that seem to be the most serious. . . . The concept of
environmental risk can help the nation develop environmental policies
in a consistent and systematic way” (EPA SAB 1990, pp. 1-2).

To expedite control of air toxics, Congress switches EPA’s approach
from a risk-assessment—oriented program to a technology-oriented
regulatory approach with a mandate to study “residual risks” posed by
189 air toxics 8 y after technology controls are put into place.

Guidelines outline principles and methods to characterize risks

posed by environmental exposures during human development. They
address relationship between maternal and developmental toxicity,
characterization of health-related database for developmental-toxicity
risk assessment, use of reference dose or reference concentration for
developmental toxicity, and use of benchmark dose.

Definition of Risk Assessment: Process by which scientific judgments
are made concerning the potential for toxicity to occur in humans.

EPA’s Risk Assessment Forum is among first to describe animal tumors
not found in humans; related volume on thyroid follicular-cell tumors is
published in 1998.

Agencywide guidance includes a statement of confidence about data
and methods used to develop assessment; need to provide basis of
greater consistency and comparability in risk assessments across agency
programs; and role of professional scientific judgment in overall
statement of risk.

Develops a framework for ecologic risk assessment. Describes process
in detail and demonstrates how it could be applied to broad array of
situations. Defines ecologic risk assessment as “a process that evaluates
the likelihood that adverse ecological effects may occur or are occurring
as a result of exposure, to one or more stressors” (EPA 1992b).

Guidelines, which pertain to both human and wildlife exposures

to chemicals, provide general information on exposure assessment,
including definitions and guidance on planning, conducting exposure-
assessment studies, presenting results, and characterizing uncertainty.
State that exposure estimates will be fully detailed in risk assessments,
including assumptions, uncertainties, and rationale for each.
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Date and Title of Milestone

Comments?

EPA 1992d Dermal
Exposure Assessment:
Principles and Applications

EPA 1993 Memorandum:
Creation of a Science
Policy Council

NRC 1993a Pesticides in
the Diets of Infants and
Children

NRC 1993b Issues in Risk
Assessment

EPA 1994a Guidance
Manual for the IEUBK
Model for Lead in Children

NRC 1994 Science
and Judgment in Risk
Assessment

Summarizes current state of knowledge regarding dermal exposure

to water, soil, and vapors; presents methods for estimating dermal
absorption stemming from contact with these media; and elaborates on
their associated uncertainties. Focuses on evaluating exposures from
waste-disposal sites or contaminated soils.

Science Policy Council (SPC) is created in 1993 to replace RAC

and is chaired by assistant administrator for Office of Research

and Development (ORD). It is tasked with an expanded mission to
“implement and ensure the success of selected initiatives recommended
by external advisory bodies such as the National Research Council and
the Science Advisory Board, as well as others such as the Congress,
industry and environmental groups, and Agency staff.” SPC has
developed a number of guidance documents and policies for the agency.

Concluded that children consume more air, water, and food on a body-
weight basis than adults and engage in other behaviors that make them
more susceptible to environmental exposures, including hand-to-mouth
and object-to-mouth behaviors. The publication of this report is one of the
factors that prompted the 1996 Food Quality Protection Act for pesticides.

This report examines the scientific basis, inference assumptions,

and regulatory uses o and research needs in risk assessment in two
parts. First, use of maximum tolerated dose in animal bioassays for
carcinogenicity addresses whether the maximum tolerated dose should
continue to be used in carcinogenesis bioassays. Second, two-stage
models of carcinogenesis, stems from efforts to identify improved means
of cancer risk assessment that has resulted in the development of a
mathematical dose-response model.

Given that there is no reference dose for lead, the EPA risk reduction
goal for contaminated sites is to limit the probability of a child’s blood
lead concentration exceeding 10 pg/dL to 5% or less after cleanup.
Blood lead concentration can be correlated with exposure and adverse
health effects. The Integrated Exposure Uptake Biokinetic Model for
Lead in Children is used to predict blood lead concentration and the
probability of a child’s blood lead concentration exceeding 10 pg/dL,
considering a multimedia exposure scenario and toxicokinetics.

Report makes a variety of recommendations to EPA, many directed

at the Office of Air and Radiation, including that EPA explicitly
identify each use of a default option in risk assessments, the agency
should conduct quantitative analyses of uncertainty, that risk managers
be given characterizations of risk that are both qualitative and
quantitative, and that EPA make uncertainties explicit and present them
as accurately and fully as is feasible and needed for risk-management
decision-making.

Definition of Risk Assessment: Risk assessment entails evaluation of
information on the hazardous properties of substances, on the extent of
human exposure to them, and on the characterization of the resulting
risk. Risk assessment is not a single, fixed method of analysis. Rather,
it is a systematic approach to organizing and analyzing scientific
knowledge and information on potentially hazardous activities or

on substances that might pose risks under specified conditions. In

brief, according to the Red Book, risk assessment can be divided into
four steps: hazard identification, dose-response assessment, exposure
assessment, and risk characterization.

Continued
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Date and Title of Milestone

Comments?

EPA 1994b Interim
Methods for Development
of Inhalation Reference
Concentrations (RfCs)

EPA 1994c¢ Report of the
Agency Task Force on
Environmental Regulatory
Modeling: Guidance,
Support Needs, Draft
Criteria and Charter

EPA 1995 Memorandum:
Policy for Risk
Characterization at the
U.S. Environmental
Protection Agency

EPA 1996 Guidelines for
Reproductive Toxicity Risk
Assessment

1996 Passage of Food
Quality Protection Act
(FQPA)

1996 Passage of Safe
Drinking Water Act
amendments

NRC 1996 Understanding
Risk: Informing Decisions
in a Democratic Society

EPA 1997a Guiding
Principles for Monte Carlo
Analysis

Provides guidance on how to model lung dosimetry across species
for setting RfCs. The method includes consideration of respiratory
anatomy, physiochemical properties of the agent, and portal-of-entry
considerations, such as comparative pulmonary toxicity.

The report concludes that there is a need for training, additional
technical support, and agency guidance on external peer review of
environmental regulatory modeling, among others.

Reaffirms the principles and guidance in the agency’s 1992 policy
(Guidance on Risk Characterization for Risk Managers and Risk
Assessors). The policy statement and associated guidance were designed
to “ensure that critical information from each stage of a risk assessment
is used in forming conclusions about risk and that this information is
communicated from risk assessors to risk managers (policy makers),
from middle to upper management, and from the Agency to the public”
(EPA 1995, p. 1). Policy and guidance discuss key aspects of risk
characterization, including the need to bridge risk assessment and risk
management, discuss confidence and uncertainties in data, and present
several types of risk information. Emphasizes the need for an iterative
approach to risk assessment and makes recommendations for promoting
clarity, comparability, and consistency in risk assessment.

Guidance provides principles and procedures to be used when
conducting risk assessments for reproductive toxicity.

Modernizes pesticide risk assessment by requiring accelerated licensing
reviews, consideration of aggregate pesticide exposure (drinking

water, residential, lawn, and food uses), and sophisticated analysis

and regulation of cumulative risk of chemicals that share a mode of
toxic action. In addition, mandates developing screens for potential
“endocrine disruptors.” FQPA also requires EPA to invoke an additional
safety factor of 2-10 to account for children’s risks in regulating
pesticides when data are lacking.

Requires explicit consideration of susceptible subpopulations in setting
maximum contaminant levels for drinking-water pollutants in addition
to consideration of technical feasibility and costs. SDWA mandates
“endocrine disruptor” screens and tests.

Recommends that risk characterization be a “decision-driven activity,

directed toward informing choices and solving problems” (NRC 1996,
p. 155). Also recommends a focus on problem formulation during the
initial stages of risk-assessment planning.

Documents EPA’s position “that such probabilistic analysis techniques
as Monte Carlo analysis, given adequate supporting data and credible
assumptions, can be viable statistical tools for analyzing variability
and uncertainty in risk assessments” (EPA 1997a, p. 1) and presents
an initial set of principles to guide the agency in using probabilistic
analysis tools.
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EPA 1997b Policy for Use
of Probabilistic Analysis
in Risk Assessment at

the U.S. Environmental
Protection Agency

PCCRARM 1997a
Framework for
Environmental Health Risk
Management—Volume 1

PCCRARM 1997b Risk
Assessment and Risk
Management in Regulatory
Decision-Making—
Volume 2

EPA 1997¢ Guidance
on Cumulative Risk
Assessment—DPart 1,
Planning and Scoping

EPA 1997e Exposure
Factors Handbook

Executive Order
13045 1997 Protection
of Children From
Environmental Health
Risks and Safety Risks

EPA 1998a Guidelines
for Neurotoxicity Risk
Assessment

Includes guiding principles to support the use of various techniques for
characterizing variability and uncertainty and defines eight conditions
for acceptance. The conditions are required “for ensuring good scientific
practice in quantifying uncertainty and variability” (EPA 1997b, p. 1).

The commission was tasked under Section 303 of the Clean Air

Act Amendments of 1990 to investigate the policy implications and
appropriate uses of risk assessment and risk management in regulatory
programs.

The Commission on Risk Assessment and Risk Management helped
to stimulate agency policies, legislation, and private-sector activities
that improved risk assessment and risk management. Commission’s
recommendations are cited in EPA policy changes on probabilistic
analysis, risk characterization, and cumulative risk. The Food Quality
Protection Act and the Safe Drinking Water Act Amendments of 1996
reflect commission proposals.

“To make an effective risk management decision, risk managers and
other stakeholders need to know what potential harm a situation poses
and how great is the likelihood that people or the environment will be
harmed. Gathering and analyzing this information is referred to as risk
assessment. The nature, extent, and focus of a risk assessment should
be guided by the risk management goals” (PCCRARM 1997b, p. 19).
“For this reason, the Commission recommends that a risk assessment
characterize the scientific aspects of a risk and note its subjective,
cultural, and comparative dimensions [see “How Should Risks Be
Analyzed?” on page 24]. While this expands risk assessment beyond its
traditional, more narrowly scientific scope, including these additional
dimensions will help educate all stakeholders about key factors affecting
the perception of risk” (p. 21).

1997 memorandum from Science Policy Council states: “This guidance
directs each office to take into account cumulative risk issues in
scoping and planning major risk assessments and to consider a broader
scope that integrates multiple sources, effects, pathways, stressors and
populations for cumulative risk analyses in all cases for which relevant
data are available” (EPA 1997d).

The purposes of the handbook are to: “(1) summarize data on human
behaviors and characteristics which affect exposure to environmental
contaminants, and (2) recommend values to use for these factors” (EPA
1997, p. 1).

Primary directive to federal agencies and departments to “make it a
high priority to identify and assess environmental health risks and
safety risks that may disproportionately affect children.” States that
those agencies should “ensure that policies, programs, activities,

and standards address disproportionate risks to children that result
from environmental health risks or safety risks” [Sec. 1-101(a)(b)].
Establishes Task Force on Environmental Health Risks and Safety Risks
to Children.

Guidelines provide principles and procedures for evaluating neurotoxic
risks due to chemical exposures.

Continued
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EPA 1998b Guidelines for
Ecological Risk Assessment

NSTC 1999 Ecological
Risk Assessment in the
Federal Government

EPA 2000b Risk
Characterization: Science
Policy Council Handbook

EPA 2000c¢ Benchmark
Dose Technical Guidance
Document

Guidelines incorporate slight modifications to the process described

in 1992 (Developing a Work Scope for Ecological Assessments). They
emphasize the importance of problem formulation in the risk-assessment
process as recommended in the 1996 NRC report Understanding

Risk. They state: “During planning, risk managers and risk assessors
are responsible for coming to agreement on the goals, scope, and

timing of a risk assessment and the resources that are available and
necessary to achieve the goals. Together they use information on the
area’s ecosystems, regulatory requirements, and publicly perceived
environmental values to interpret the goals for use in the ecological risk
assessment. . . . The characteristics of an ecological risk assessment are
directly determined by agreements reached by risk managers and risk
assessors during planning dialogues. These agreements are the products
of planning. They include (1) clearly established and articulated
management goals, (2) characterization of decisions to be made within
the context of the management goals, and (3) agreement on the scope,
complexity, and focus of the risk assessment, including the expected
output and the technical and financial support available to complete it
(EPA 1998b, pp. 13-15). Guidelines state that many of the difficulties
with risk assessment can be traced back to issues with problem
formulation.

»

Successful ecologic risk assessment is more likely if there is an up-front
discussion of what is at risk, what the assessment end points are, how
they are measured, and what constitut